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signal. Sediment and the extraction blank exhibit low absorbance, indicating they are not 
a source for the positive signal in the fossil sample. Error bars represent one standard 
deviation about the mean absorbance of each sample. ....................................................195 
 
Figure 4.6 Immunohistochemistry results for fossil and modern Alligator samples. All 
sections imaged at 200ms exposure. (A, F) Secondary only negative-control tissue 
sections never exposed to primary antibodies; (B, G) Tissue sections incubated with anti-
chicken collagen I antibodies at 1:400 concentration; (C, H) Overlays of flourescence 
images in B and G on light microscope images, showing localization of fluorescence to 
tissue within sextions (fluorescence shown as green coloration; (D, I) Tissue sections 
treated with the same anti-chicken antibodies but exposed to Alligator collagen prior to 
incubation with sections ("inhibition control"); (E, J) Tissues sections incubated with 
collagenase for 3 hrs prior to incubations with the same primary antibodies. Negative 
controls and specificity controls exhibit reduced or absecent signals, indicating a lack of 
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spurious binding and the presence of endogenous collagen I in each bone sample. Scale 
bars as indicated. ..............................................................................................................196 
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Abstract 
Osteological, myological, and biomechanical investigations of the sauropod dinosaur 
Dreadnoughtus schrani and molecular paleontological investigation of the marine 
crocodile Thoracosaurus neocesariensis 
Kristyn K. Voegele 
James R. Spotila, PhD 
 
 Three of the four chapters of this dissertation address aspects of the biology of the 
dinosaur Dreadnoughtus schrani. Discovered in Patagonia, Argentina, the holotype 
skeleton of Dreadnoughtus is nearly complete, preserving 70% of its postcranial 
elements, including at least one of every major limb bone and at least one representative 
of each portion of the vertebral column. Dreadnoughtus, a titanosaurian sauropod 
dinosaur weighing 62.5 metric tons, is the most complete skeleton among the most 
massive titanosaurians yet discovered. The completeness of this giant provided a unique 
opportunity to thoroughly investigate the osteology of the dorsal vertebral series, 
appendicular myology, and elbow biomechanics of one of the largest animals to ever 
walk on land.  
 Of the eight most massive titanosaurians described to date, Dreadnoughtus 
preserves the second most complete dorsal vertebral series, consisting of seven nearly 
complete vertebrae. One notable comparison of the dorsal vertebrae among some of the 
largest titanosaurians is a difference in the dorsoventral depth of the transverse processes: 
Dreadnoughtus and Futalognkosaurus possess dorsoventrally narrow transverse 
processes whereas Puertasaurus exhibits deep transverse processes. Though the dorsal 
vertebrae of Dreadnoughtus likely pertain to both the holotype and paratype individuals, 
they could be placed in a predicted serial sequence with minimal, if any, overlap. 
Specifically for Dreadnoughtus, this predicted sequence was based on several features, 
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including: 1) division of the spinodiapophyseal laminae; 2) presence of the posterior 
centroparapophyseal laminae, and; 3) variable curvature of the postzygodiapophyseal 
laminae. Variation in curvature of the postzygodiapophyseal laminae is similar to the 
lamina “disconnection” described by Dr. Pablo Gallina in Bonitasaura.  
 To date, only two appendicular myological reconstructions have been performed 
for titanosaurian sauropods: Neuquensaurus and Opisthocoelicaudia. Both of these taxa 
are significantly smaller and more derived than Dreadnoughtus, and thus exhibit more 
extreme wide-gauge posture (i.e., widening of the sacrum, beveling of the distal femoral 
condyles, etc.). The more basal phylogenetic position, large body size, and completeness 
of Dreadnoughtus allowed for the investigation of changes in muscle attachments in 
relation to body size and/or development of wide-gauge posture. The quality of 
preservation of the holotype and paratype skeletons of Dreadnoughtus allowed 76 
osteological correlates to be identified as probable muscle attachments. Of the 53 muscles 
investigated, 49 were adequately supported to reconstruct at least one attachment and for 
30 muscles to be assigned Level I or II Inferences (i.e., not Level I' or II' Inferences). 
Several titanosaurians preserve a raised osteological correlate on the medial side of the 
scapula corresponding to the origin of the M. subscapularis. This feature is present in 
titanosaurians of variable phylogenetic positions and body sizes. Additionally, only 
Dreadnoughtus and Giraffititan exhibit an accessory process ventrolaterally on the 
preacetabular lobe of their ilia. This location represents the attachment of the M. 
puboischiofemoralis internus II, a hind limb protractor and adductor. Development of this 
process may be related to increased stress imparted by the muscle in relation to wide-
gauge posture. 
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 Using the attachment locations of the elbow flexor muscles (identified in this 
dissertation) and soft tissue data from extant archosaurs, I next investigated the 
kinematics of the elbow of Dreadnoughtus. The goal of this chapter was to modify a 
biomechanical method used to study human ankles, by Dr. Sorin Siegler and colleagues, 
for use with extinct organisms, using the elbow of Dreadnoughtus as a case study. The 
resulting method includes significant innovations relative to previous methods employed 
in biomechanical modeling of extinct animals, such as: 1) the ability to test assumptions 
of joint motion used in other modelling methods; testing the effect(s) of cartilage 
variation on joint kinematics, and; 3) a comprehensive validation protocol. Through 
development of this model, an important insight was made: the possible presence of a 
spherical anterior projection of cartilage on the distal humerus for articulation with the 
radius during flexion. Though the method developed herein used Dreadnoughtus as a 
case study, it can be applied to other extinct organisms and more complex joint systems 
to aid in understanding the biomechanics of extinct organisms. 
 The studies mentioned above, and the vast majority of paleontological literature,  
depend on preservation and the quality of preservation of fossils. Fossilization and 
preservation have received considerable attention in the literature, but much is still 
unknown about influences on fossilization, especially at the tissue or molecular level. 
Thus, in the final chapter of my dissertation, I consider the preservation of the marine 
gavialoid crocodilian Thoracosaurus neocesariensis. Less is understood about the 
chemical processes involved in the fossilization of bone in marine environments as more 
studies have been conducted on terrestrial organisms. Studies, such as described herein, 
provide a means for comparison of factors influencing preservation at the tissue level. 
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 In this chapter, I investigated the possibility that endogenous collagen I might 
persist in a femur of this crocodilian. The specimen was excavated from the Hornerstown 
Formation at Rowan Fossil Quarry in Mantua Township, New Jersey. The surrounding 
sediment was rich in glauconite, representing a depositional environment not previously 
investigated for preservation of soft tissues and biomolecules. I recovered soft tissue 
structures morphologically consistent with vertebrate osteocytes from the femur of this 
crocodile, and conducted three independent assays (each run in triplicate) which support 
the preservation of endogenous collagen I. Soft tissues and biomolecules were previously 
thought rarely to persist in marine fossils because of the possibility of extensive 
hydrolysis; however a molecular investigation for collagen I by Dr. Johan Lindgren and 
colleagues on a marine fossil has opened the door to further molecular studies of 
specimens preserved in marine environments. My findings support and suggest that 
further investigations of marine fossils and glauconitic deposits are warranted and may be 
fruitful. 
 
 
CHAPTER 1: OSTEOLOGICAL DESCRIPTION OF THE DORSAL 
VERTEBRAE OF THE GIANT TITANOSAURIAN SAUROPOD 
DREADNOUGHTUS SCHRANI 
 
1.1 Abstract 
 
Titanosaurians are frequently known from fragmentary remains, making 
comparisons between taxa difficult because they often lack overlapping elements. 
Dreadnoughtus schrani is a well-preserved, giant titanosaurian from the Campanian–
Maastrichtian Cerro Fortaleza Formation in Patagonia, Argentina. The holotype of 
Dreadnoughtus is well represented in terms of types of post-cranial skeletal elements, 
including the recovery of seven nearly complete dorsal vertebrae. Thus, Dreadnoughtus 
preserves the second nearly complete dorsal vertebral series known from the largest 
titanosaurians. As only vertebral elements overlap between these giants, Dreadnoughtus 
provides valuable insight into the serial variation of large titanosaurians. Although the 
dorsal vertebrae of Dreadnoughtus belong to two individuals (MPM-PV 1156; MPM-PV 
3546), serial variation is identifiable and anatomical variations suggest there is minimal, 
if any, positional overlap among the preserved vertebrae. Such variation includes variable 
presence of: 1) divided spinodiapophyseal laminae and associated spinodiapophyseal 
fossae; 2) an anterior centrodiapophyseal lamina, and; 3) a vertical 
intrapostzygapophyseal lamina. Each of these aid in determination of a serial progression 
of the preserved dorsal vertebrae of Dreadnoughtus. Posterior dorsal vertebrae can be 
distinguished in Dreadnoughtus by the presence of the posterior centroparapophyseal 
lamina. All dorsal vertebrae of Dreadnoughtus are strongly opisthocoelous, camellate, 
and have deep lateral pneumatic fossae. When compared to other giant titanosaurians, 
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both Dreadnoughtus and Futalognkosaurus have dorsoventrally narrow transverse 
processes, unlike Puertasaurus. In contrast, Dreadnoughtus and Argentinosaurus have 
ventromedially inclined prezygapophyses, whereas Futalognkosaurus has almost 
horizontal prezygapophyses. Future inclusion of new, nearly complete titanosaurians, 
such as Dreadnoughtus, in phylogenetic and functional morphologic studies will aid in 
determination of the relationships of these sauropods.   
 
1.2 Introduction 
 
 Titanosauriforms are a diverse clade, including some of the largest and smallest 
sauropods known (Wilson 2006). As in most sauropods, the axial skeletons are pneumatic 
but, in some titanosauriforms, portions of the appendicular skeleton are also pneumatic 
(Wilson and Upchurch 2009; Cerda et al. 2012). In addition, they exhibit a unique stance 
among terrestrial vertebrates known as wide-gauge posture (Wilson and Carrano 1999), 
involving an incompletely understood tradeoff between locomotor efficiency and 
stability. These features make titanosaurians an intriguing group, and study of these taxa 
is important to gain better understanding of the development of these features.  
 Many of these enigmatic giants are only known from fragmentary remains 
(Upchurch et al. 2004). Due to their large size, preservation biases, such as the amount of 
sediment needed to fully bury a large sauropod, result in their frequently fragmentary 
preservation (González Riga and Astini 2007; Casal et al. 2014). The holotype of 
Dreadnoughtus schrani (MPM-PV 1156) is an exception: with over twice the skeletal 
completeness (Lacovara et al. 2014) of the next most complete giant titanosaurian, 
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Futalognkosaurus (Calvo et al. 2007). This makes Dreadnoughtus an important taxon for 
understanding the anatomy of these dinosaurs. 
 Dreadnoughtus was discovered in the Cerro Fortaleza Formation of Santa Cruz 
Province, Patagonia, Argentina. A total of 145 bones were recovered from the partially 
articulated holotype and paratype (MPM-PV 3546) individuals, including seven mostly 
complete dorsal vertebrae and one dorsal neural spine fragment (Lacovara et al. 2014). 
Of the eight largest titanosaurians, only Futalognkosaurus (Calvo et al. 2007) and 
Dreadnoughtus have a complete or nearly complete dorsal series. The only overlapping 
elements between these largest taxa are axial elements. Because only six dorsal vertebrae 
are preserved of Argentinosaurus (Bonaparte and Coria 1993), its axial skeleton is less 
complete than Futalognkosaurus (Calvo et al. 2007) and Dreadnoughtus. Elaltitan 
preserves three dorsal vertebrae (Mannion and Otero 2012), and Paralititan 
Puertasaurus, Notocolossus, and each only have one preserved dorsal vertebra (Smith et 
al. 2001; Novas et al. 2005; González Riga et al. 2016). The preserved axial remains of 
'Antarctosaurus' giganteus include only two incomplete caudal vertebrae, making it the 
only giant titanosaurian without dorsal vertebral remains (Huene 1929). Despite such 
minimal preservation of the dorsal vertebral series in some giant taxa and the positional 
differences that exist between the preserved vertebrae, these elements provide the only 
means to directly compare seven of the eight most massive titanosaurians. Among other 
skeletal elements, caudal vertebrae exhibit the next greatest preservation, with caudal 
vertebrae being preserved among all giants except Argentinosaurus (Bonaparte and Coria 
1993). The appendicular skeletons of these giants preserve even less overlap, with only 
four preserved scapulae ('Antarctosaurus' [Huene 1929], Dreadnoughtus, Elaltitan 
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[Mannion and Otero 2012], Paralititian [Smith et al. 2001]) as the most common 
appendicular element. 
 Sauropod dorsal vertebrae are thought to exhibit phylogenetically significant 
information as well as variation at the individual, species, and larger taxonomic levels 
(Wilson 2012). As the phylogenetic relationships of titanosaurians have yet to reach a 
broad consensus (Upchurch et al. 2004; Curry Rogers 2005; Carballido and Sander 2014; 
Salgado et al. 2014), well-preserved dorsal vertebral series such as that of Dreadnoughtus 
can provide important data for resolving titanosaurian relationships (Wilson et al. 2011). 
Here, I provide detailed descriptions of the dorsal vertebrae of Dreadnoughtus schrani, 
building upon their initial description by Lacovara et al. (2014). I also discuss the 
probable serial position of these vertebrae, and draw comparisons concerning these 
elements with other related taxa.  
 
1.2.1 Terminology 
 Descriptive terminology used here follows Wilson (1999, 2012) for laminae 
terminology and Wilson et al. (2011) for fossae terminology. 
 
1.2.2 Anatomical Abbreviations 
 In alphabetical order: acdl - anterior centrodiapophyseal lamina; acpl - anterior 
centroparapophyseal lamina; apcdl - accessory posterior centrodiapophyseal lamina; a-
spdl - anterior ramus of the spinodiapophyseal lamina; cdf - centrodiapophyseal fossa; 
cprf - centroprezygapophyseal fossa; cpaf - centroparapophyseal fossa; cprl - 
centroprezygapophyseal lamina; cpof - centropostzygapophyseal fossa; cpol - 
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centropostzygapophyseal lamina; padf - paradiapophyseal fossa; pcdl - posterior 
centrodiapophyseal lamina; pcdl-f - posterior centrodiapophyseal fossa; pcpl - posterior 
centroparapophyseal lamina; pocdf - postzygapophyseal centrodiapophyseal fossa; podl - 
postzygodiapophyseal lamina; posdf - postzygapophyseal spinodiapophyseal fossa; posl - 
postspinal lamina; ppdl - paradiapophyseal lamina; prsdf - prezygapophyseal 
spinodiapophyseal fossa; p-spdl - posterior ramus of the spinodiapophyseal lamina; prsl - 
prespinal lamina; spdl - spinodiapophyseal lamina; spdl-f - spinodiapophyseal lamina 
fossa; spof - spinopostzygapophyseal fossa; spol - spinopostzygapophyseal lamina; sprf - 
spinoprezygapophyseal fossa; sprl - spinoprezygapophyseal lamina; tprl - 
intraprezygapophyseal lamina; tpol - intrapostzygapophyseal lamina. 
  
1.3 Description 
 
 The dorsal vertebrae of Dreadnoughtus are described below in predicted serial 
sequence (anterior to posterior). Assignment of sequence position was performed 
similarly to the approximated sequence assignment in Malawisaurus (also a disarticulated 
series; Gomani 2005). Determination of sequence order will be discussed below. 
Placement of the vertebrae in the quarry (a result of disarticulation) obscure assignment 
of individual vertebra to the holotype or paratype except for vertebrae 1156-6 and 1156-
11, which can be definitively assigned to the holotype. If a particular vertebra could not 
be definitively assigned to a specific individual it is herein designated by "1156?-#" (per 
Lacovara et al. 2014). Unless otherwise noted, structures generally preserve left-right 
symmetry. Although titanosaurians can have up to twelve dorsal vertebrae (Wilson and 
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Serreno 1998; also see discussion in Lacovara et al. 2014), Dreadnoughtus is predicted to 
have ten, as in most titanosaurians. 
 The seven mostly complete vertebrae of Dreadnoughtus have neural arch facets 
placed at or near the anterior margin of the centrum and inset from the posterior margin 
(Figure 1.1). The distance of the neural arch facets from the posterior margin of the 
centrum is obscured by lack of preservation of this margin in some vertebrae. Dorsal 
vertebral centra are strongly opisthocoelous and camellate, with well-developed 
pleurocoels ("lateral pneumatic fossae" of Lacovara et al. 2014) that are generally more 
anteriorly placed in more posterior vertebrae (Figure 1.1). In some vertebrae, taphonomic 
deformation may accentuate the depth of the pleurocoels. Most dorsal vertebral centra (as 
preserved) are noticeably wider than they are tall (Figures 1.2, 1.3). For several vertebrae, 
taphonomic distortion has altered their width. Despite this distortion, the transverse 
processes can be assessed as directed laterally or slightly anterolaterally (Figure 1.1). The 
height of the neural arch pedicels (sensu Lacovara et al. 2014) and the height of the 
neural spines are nearly equal (with the neural spines occasionally being taller; Figure 
1.1); this appears to be minimally affected by taphonomic deformation. The neural spines 
generally are oriented posterodorsally. 
 
1.3.1 Dorsal Vertebra 1156?-4 
 Overall, this vertebra is essentially complete. Only the posteroventral edge and 
the posterior right lateral margin of the centrum are incomplete, and only the anterolateral 
portion of the right prezygapophysis and edge of the left ACPL are not preserved on the 
neural arch. Taphonomic deformation has resulted in dorsoventral compression of both 
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the centrum and neural arch. To a lesser extent, there has also been left lateral shear 
because the neural arch is no longer mediolaterally centered over the centrum. There has 
been no apparent anteroposterior compression and no observable twisting about the 
dorsoventral axis (i.e., the transverse processes are still mediolaterally orientated; Figures 
1.2B, 1.3A).  
Of the dorsal vertebrae preserved, 1156?-4 is the anterior-most, yet it likely is no 
more anterior than the ~4th dorsal vertebra (Lacovara et al. 2014). The parapophyses are 
located on the neural arch and, as preserved, at the level of the diapophyses (Figure 
1.2A–B). This is potentially due to unequal degrees of dorsoventral compression between 
the anterior and posterior regions of the vertebra. Even accounting for compression, the 
centrum appears longer anteroposteriorly than dorsoventrally, and the transverse 
processes are wide and flat (Figures 1.1A, 1.2A–B, 1.3A). As preserved, the pleurocoels 
of 1156?-4 are almost the entire length of the centrum (Figure 1.1A). 
The CPRL are broad and deformation makes them difficult to distinguish from the 
thin ACPL. Taphonomic shear has rendered the TPRL non-symmetrical, with the right 
side slightly shorter than the left (Figure 1.2B). On the posterior face of the neural arch, 
the CPOL exhibit overlap caused by compression (Figure 1.3A). The TPOL is faint and 
angled anteroventrally. The CPRF and CPOF, bounded by the CPRL and TPRL or the 
CPOL and TPOL, respectively, are difficult to distinguish because of compression, but 
both probably are present. Both the prominent ACDL and PCDL show evidence of 
dorsoventral compression by partial over-lapping segments. These laminae run parallel 
for the middle third of their lengths but do not fuse. Near their distal ends, they diverge 
and contact the diapophysis at separate locations. The CDF are triangular and smaller 
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than the PACDF and POCDF, the last of which are deep and nearly form right triangles 
(Figure 1.1A). Unlike more posterior vertebrae of Dreadnoughtus, in vertebra 1156?-4 
the PACDF are present as PCPL are not present. The current shape of the PACDF are a 
result of dorsoventral compression. Overall, the PACDF have a rectangular shape and are 
shallow, though they are deeper anteriorly. Forming the posterolateral edges of the 
transverse process, the PODL extend distomedially and then back distolaterally to the 
postzygapophyses (Figures 1.2A, 1.6A).  
The distal portion of the neural spine is posteroventrally compressed, as indicated 
by external bone on the preserved dorsal surface of the neural spine (Figure 1.2A). It is 
possible the distal tip is not preserved, but this is difficult to determine. As preserved, the 
angle of the neural spine places both postzygapophyses posterior to the centrum. This 
probably was the condition before deformation, but the degree of compression and 
presence of both plastic and brittle deformation imply that a posterior displacement of the 
neural arch cannot be ruled out. Unlike the condition in all other preserved vertebrae of 
Dreadnoughtus, thin left and right SPRL are present and join the prominent PRSL about 
4 cm dorsally from the base of the neural spine (Figure 1.2A). Though prominent along 
most of its length, the PRSL begins to taper near the end of the preserved neural spine. 
The SPRL bound a small SPRF. Both SPDL are more prominent in the middle of their 
extent (Figure 1.2A). Taphonomic deformation makes it difficult to determine if both the 
SPDL and PRSL extend to the tip of the neural spine. The PRSDF and POSDF are 
shallow near the diapophysis and relatively deeper near the midline of the vertebra. The 
shallow, ventrally concave SPOF is divided by a robust POSL. 
 
8
1.3.2 Dorsal Vertebra 1156?-5 
 Vertebra 1156?-5 has been taphonomically crushed mediolaterally. Although a 
significant portion is missing from the right side of the neural arch, the majority of the 
right side of the centrum is preserved, albeit compressed medially. The ventral portion of 
the centrum is missing. The anterior right lateral face of the neural arch is not preserved, 
including the PRSDF and right prezygapophysis, making the presence of a CPRF 
difficult to determine. The left side of the vertebra is mostly complete, but the distal 
portions of both the parapophyses and diapophyses, including associated portions of the 
ACPL, PODL, and PCDL, are not preserved. Also, the center of the deep and cone-
shaped left PACDF is not preserved. Surrounding this fossa, the ACPL and APCDL are 
missing where they would intersect the centrum. In addition, the ACPL is missing 
portions of its lateral edge along its preserved length. In posterior view, the right side of 
both postzygapophyses and the majority of the left CPOL are not preserved. On the right 
side of this vertebrae only two laminae are preserved, the CPOL and a portion of the 
SPOL. The distal neural spine, dorsal to the postzygapophyses, is mostly complete but 
severely folded posteromedially so that the postzygapophyses almost touch (Figure 
1.3B). 
Both the APCDL and the PCDL are clearly visible and connect to each other as 
they begin to run along the ventral side of the transverse process (Figure 1.1B). Between 
these laminae is a shallow, triangular PCDL-F. Mediolateral compression has resulted in 
offset and disconnection of the left ACPL, and only the dorsal portion (with slight medial 
twisting due to compression) of the left CPRL is preserved. Unlike 1156?-4, the right 
CPOL is thin. This lamina has a mediolateral twist such that, in posterior view, the 
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segment touching the postzygapophysis is seen as its thin lateral face whereas the portion 
touching the centrum is seen as its flat medial surface (Figure 1.3B). The left PODL arcs 
posterodorsally above the postzygapophysis before joining it (Figures 1.3B, 1.6B). 
Between this lamina and the SPOL, just dorsal to where they contact the 
postzygapophysis, is an articulation or attachment surface (Figure 1.1B). This feature can 
only be identified on the left side owing to lack of preservation on the right side. There is 
no indication of a TPOL, but the distortion of the neural spine makes this difficult to 
examine. If this is the case, then the CPOF and SPOF would be combined .  
Almost at the center of the folded neural spine is the clearly visible POSL (Figure 
1.3B). The PRSL appears prominently on the anterior face, but this may be emphasized 
by taphonomic distortion. Lack of preservation prohibits determination of whether or not 
the SPRL are present or if they join the PRSL or not (Figure 1.2C). Thus, the presence of 
an SPRF is unknown. The left SPDL appears as a ridge of bone resulting from the above-
mentioned distortion instead of as a distinct lamina (Figures 1.1B, 1.6B).  
 
1.3.3 Dorsal Vertebra 1156-6 
 Dorsal vertebra 1156-6 is mostly complete and anteroposteriorly compressed. The 
right transverse process is incomplete, missing the right parapophysis, diapophysis, and 
PPDL. Also, the lateral margins and tip of the neural spine, a portion of the left side of 
the posterior centrum, and a section of the ventral right CPOL are not preserved. There is 
minor evidence for dorsoventral compaction, for instance the left CPOL is broken into 
overlapping segments (Figure 1.3C). This deformation prohibits determining of the 
placement of the zygapophyses in relation to the centrum.  
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Although there is a broken ridge of bone in the location of the PRDL on the left 
side of the vertebra, this feature is most likely a result of compression of the 
prezygapophysis as it is lacks any indication of a smooth external surface and does not 
extend the entire length from the prezygapophysis to the diapophysis (Figure 1.2D). The 
presence of a PPDL is probable, though it has been compressed into a mostly obscured 
cleft between the parapophysis and diapophysis (Figure 1.1C). The APCDL thin as they 
extend proximally, contrasting with the PCDL which are thick along their entire length. 
These two laminae bound a deep PCDL-F and appear to merge before contacting the 
diapophysis (Figure 1.1C). Both the PACDF and the POCDF are large and deep.  
The left diapophysis is angled anteriorly, most likely due to anteroposterior 
compression (Figure 1.1C). Though taphonomic deformation may accentuate the 
curvature of the PODL, they likely have the same curved geometry described above in 
vertebra 1156?-5, in which they extend posterodorsally onto the neural spine, dorsal to 
the postzygapophyses, before changing direction to intersect with the postzygapophyses 
(Figure 1.6 C). The SPDL are thicker on this vertebra than in any of the other preserved 
vertebrae (Figures 1.1C, 1.2D, 1.6C). The CPRL and CPOL are each wide and, 
respectively, create a shallow CPRF and CPOF which are difficult to observe due to 
compression. The TPRL is well defined as a thick bar, whereas the TPOL is thin and each 
side is directed anteroventrally from the postzygapophyses (Figure 1.3C).  
An oval, textured area (now partial obscured by preparation putty) is present on 
the left side where the neural spine and the transverse process meet, just dorsal to the 
postzygapophysis. This feature may represent a soft tissue attachment site, similar to that 
described on the preceding vertebra 1156?-5. This region is not preserved on the right 
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side. A second, faint, possible soft tissue attachment site is present on the dorsal surface 
of the left transverse process, directly dorsal to the diapophysis. This potential scar is 
semi-circular in outline and exhibits mediolaterally-oriented striations. A scar is readily 
apparent at this location in more posterior dorsal vertebrae (see below; Figure 1.5B). 
Alike the potential attachment site on the lateral aspect of the neural spine, this semi-
circular potential scar is only visible on the left side as these structures are not preserved 
on the right. 
This vertebra exhibits small pneumatic cavities on the posterior face of the neural 
spine on both sides of the robust POSL (Figure 1.3C). These cavities are also visible on 
the dorsal surface of the right prezygapophysis (Figure 1.2D). It is likely these pneumatic 
cavities were exposed by abrasion either prior to burial or during the preparation process. 
On the anterior face of the neural spine, the PRSL extends the entire length of the 
preserved neural spine (Figure 1.2D); it is unknown how far it would have extended onto 
the missing distal portion. Judging by its consistent distinctiveness over the preserved 
length of the neural spine, it is plausible that the PRSL extended to the tip, or near the tip, 
of the neural spine. The SPOF, PRSDF, and POSDF are shallow, potentially as a result of 
taphonomic deformation. This possibility is supported by the PRSDF being relatively 
deeper near the TPRL. 
 
1.3.4 Dorsal Vertebra 1156?-7  
 Vertebra 1156?-7 comprises a fragment of neural arch (Figure 1.4). It preserves 
two articular surfaces connected by laminae forming triangular fossae. The most 
reasonable identifications for these articular surfaces are the left diapophysis and 
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postzygapophysis. Assuming this identification is correct, the CPOL, PCDL, PODL, and 
a portion of the SPDL are preserved. The SPDL may show the beginning of a bifurcation 
into an anterior and posterior SPDL (a- and p-SPDL) (Figure 1.4A). Based on the 
preserved geometry of the laminae in this fragment, it likely is from a middle or posterior 
dorsal vertebra. Overlap excludes it from belonging to any of the other preserved 
vertebrae of Dreadnoughtus. 
 
1.3.5 Dorsal Vertebra 1156?-8  
 In general, the left side of this vertebra is more complete than the right, but both 
parapophyses and diapophyses are lacking their distal most edges. In posterior view, the 
majority of the border of the centrum is incomplete. Several segments of the PRSL, a 
lateral portion of the left CPRL immediately beneath the left prezygapophysis, and the tip 
of the neural spine are not preserved. Although the right APCDL is distinct, the left 
APCDL is not preserved.  
Overall, this vertebra exhibits left lateral shear of both the centrum and the neural 
arch in relation to the sagittal axis (Figures 1.2E, 1.3D). The sinuous nature of the left 
SPDL (Figure 1.1D) and disjunction of the right ACPL suggest there may have been 
some dorsoventral compression in conjunction with the lateral shearing. Left lateral 
shearing has also shifted the neural arch so that the left zygapophyses are no longer fully 
over the centrum. The transverse processes have offset such that the right transverse 
process is positioned more ventrally and anteriorly than the left (Figures 1.2E, 1.3D). 
Deformation and possibly lack of preservation have resulted in a rough knob of bone at 
the location of the articular surface for the right prezygapophysis (Figure 1.2E).  
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The parapophysis is essentially as high as the diapophysis (Figure 1.1D). The left 
transverse process has a well-defined attachment scar preserved medial to the 
diapophysis (Figure 1.5B). This scar is similar in placement and shape to the scars on 
vertebrae 1156-6 and 1156?-9.  
As in the preceding two vertebrae, the PODL of this vertebra also extend 
posterodorsally just above the postzygapophyses before sharply curving ventrally to meet 
the postzygapophyses (Figures 1.1D, 1.6D). The degree of this arcing increases from 
1156?-5 to 1156-6, then in this vertebra, the PODL are nearly straight before abruptly 
curving to intersect with the postzygapophyses (Figure 1.6A–E). Taphonomic 
deformation cannot fully account for the shape of the PODL in any of these vertebrae; 
therefore, this curvature is likely a genuine feature of these laminae. As preserved, the 
CPRF is small and shallow and deeper on the left side. The PPDL are short and better 
defined on the left side (Figure 1.1D). As in vertebra 1156-6, the TPOL is thin, faint, and 
directed anteroventrally. The CPOF is shallow and wide. The PACDF are deep and only 
merged with the PCDL-f on the left side because the left APCDL is not preserved (Figure 
1.1D). On the right side, the PCDL-f is shallower than the PACDF and POCDF, and 
forms a ventrally pointing triangle in lateral view. 
The SPDL are finely split into an a-SPDL and p-SPDL, creating small SPDL-f 
(that is shallow and difficult to distinguish except near the split) located dorsal to the 
deep POSDF (Figures 1.1D, 1.6D). The SPDL is better preserved near the transverse 
process and on the left side of this vertebra. The left p-SPDL has been compressed into 
the POSDF. Where the p-SPDL merge with the broad SPOL on the ventrolateral edge of 
the neural arch, there is an articulation or attachment surface where these laminae meet. 
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This scar is more visible on the left side (Figure 1.1D). Deformation makes it difficult to 
ascertain, but the SPDL and the PODL may merge for a short distance along the posterior 
edge of the transverse process; these laminae are clearly split ventral to the SPDL-f. 
Since the tip of the neural spine is mostly complete, it is probable the PRSL extended to, 
or very near, the distal end of the neural spine. Surrounding the PRSL, the PRSDF are 
large and not well defined and are relatively deeper where the PRSL and TPRL meet 
(Figure 1.3D). The SPOF are shallow and dorsoventrally elongate. Although the POSL is 
not well preserved, it appears to extend dorsally from the TPOL and become prominent 
near the level of the postzygapophyses. The POSL appears as if it would have been thick, 
but it is missing the majority of its external surface. 
 
1.3.6 Dorsal Vertebra 1156?-9 
 This vertebra is nearly complete. A few fragments are missing from the anterior 
and posterior margins of the centrum, as well as the proximal portion of the PRSL and 
middle of the right PODL. In right anterolateral view, the ventral margins of the right 
CPRL and ACPL are missing. The distal portion of the neural spine, the posterolateral 
end of the right diapophysis, and the medial side of the left postzygapophysis are not 
preserved. Vertebra 1156?-9 has been sheared right-laterally, the opposite direction from 
vertebra 1156?-8 (Figures 1.2F, 1.3E). This distortion results in many of the fossae in this 
vertebra being deeper on the left side. The neural spine was compressed anteriorly, as 
seen by offset of the right SPDL (Figure 1.6E) and the nonlinear nature of the left SPDL 
(Figures 1.1E, 1.6E).  
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 The centrum is wider than it is tall as a result of taphonomic deformation (Figures 
1.2F, 1.3E). Even though it is compressed and offset, the majority of the neural spine is 
fairly vertical, but with a minor posterior tilt. The parapophysis is almost at the same 
height as the diapophysis (Figure 1.1E). A semicircular area of parallel grooves is present 
on the dorsal surface of the diapophysis, as in vertebrae 1156-6 and 1156?-8 (Figure 
1.5B). This area can be identified on both sides, and is well preserved on the right side.  
 Both the CPRL and ACPL are contiguous, yet on the left side appear offset as a 
result of deformation. Vertebra 1156?-9 is the anterior-most vertebra with PCPL, CPAF, 
and PADF (Figure 1.1E). The PCPL and the APCDL intersect the PCDL at 
approximately half way between the centrum and the diapophysis. These laminae are 
present on both sides but better defined on the left. The PCDL-F are shallow, especially 
on the right side because of shear. In contrast, the POCDF are deep, posteriorly facing, 
and is more expansive on the right side. 
 The PRSL is faint near the proximal end of the neural spine, more prominent 
along the middle of its extent, and narrows near the end of the preserved neural spine 
(Figure 1.2F). The original length of the neural spine is unknown, thus the PRSL may or 
may not have reached the tip of the neural spine. The PRSL intersects with a faint TPRL, 
which is more distinct on the right side. The PPDL curve medially and the right side is 
more distinct (Figure 1.1E). Unlike the preceding three vertebrae, in vertebra 1156?-9 the 
PODL are essentially straight (Figure 1.6E). The CPOL are broad in posterior view. 
Deformation of the neural spine results in shallow PRSDF. The SPOF, CPOF, and CPRF 
are also shallow. 
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 The SPDL are clearly split into an a- and p-SPDL with SPDL-f dorsal to the 
POSDF (Figures 1.1E, 1.5A, 1.6E). Curvature and breakage of the SPDL are a result of 
taphonomic distortion. The POSDF form dorsally pointing, right-angle triangles, bound 
anteriorly by the p-SPDL. On the left side, this lamina has been compressed into the 
POSDF (Figures 1.1E, 1.5A). There is a distinct articulation or attachment scar on the left 
side where the p-SPDL and SPOL meet (Figure 1.5A), as in vertebra 1156?-8. On the 
right side, the neural arch is fractured at this location, possibly obstructing the 
identification of this feature. The right SPOL is better preserved and broader than the left 
SPOL. Surface disruption of the posterior side of the neural spine obscures identification 
of the TPOL and results in a poorly defined POSL, which is relatively more developed on 
the dorsal extent of the neural spine (Figure 1.3E).  
 
1.3.7 Dorsal Vertebra 1156?-10  
 Much of the dorsal neural arch of vertebra 1156?-10 is missing, and the whole 
vertebra has been severely dorsoventrally compressed. The transverse processes and 
neural spine are also not preserved, along with portions of the left ventral, posterior, and 
anterior margins of the centrum. Although the postzygapophyses are preserved, the 
prezygapophyses are not. The boundaries between the pleurocoels and the posterior face 
of the centrum are incomplete on both sides. The right PCDL is not present, and only the 
most ventral portion of the left PCDL (missing the lateral margin) is preserved. Only the 
most ventral segments of the APCDL (missing lateral margin on left side) are present. As 
preserved, the CPOL are severely dorsoventrally crushed. 
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Dorsoventral compression has compacted all fossae between the neural arch and 
the centrum. The laminae forming the boundaries of these fossae in some cases are 
fractured (Figure 1.1F). The preserved portion of the TPRL is compressed. The CPRL 
appear broad; again, this has been accentuated by dorsoventral compaction. In lateral 
view, branched or parallel laminae at both anterior corners of the centrum suggest the 
presence of a distinct ACPL (separate from the CPRL), but taphonomic distortion 
prevents confirmation of this. On the left side, the PCDL would likely have been the most 
robust lamina. The left PCPL is preserved (Figure 1.1F); this lamina is better developed 
than in preceding vertebra 1156?-9. It is offset due to dorsoventral compression but 
would have likely connected to the APCDL as in vertebra 1156?-9. The right PCPL may 
be present, but poor preservation of this region of the vertebra renders this difficult to 
determine. Lack of preservation and deformation prevent assessment of the original 
condition of any fossae. 
 
1.3.8 Dorsal Vertebra 1156-11  
 Although this vertebra exhibits little distortion, it is comprised of only the 
centrum and anterior, left, and posterior bases of the neural arch. The transverse 
processes and neural spine are not preserved, including all zygapophyses. Except for the 
left side of the posterior centrum, its margin is not preserved. The only evidence for 
distortion of this vertebra is a small offset on the posterior half of the left side of the 
centrum. 
Though the parapophyses and diapophyses are not preserved, their location can be 
predicted based on the geometry of the preserved laminae, which indicate that it is 
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possible they were at about the same dorsoventral level. Despite lacking preservation of a 
horizontal TPOL, there is a thin vertical lamina in the center of the ventral portion of the 
posterior neural arch, dorsal to the neural canal; this is likely a ventral projection of the 
TPOL (Figure 1.3G). Three distinct laminae are preserved on the left side of the neural 
arch (Figure 1.1G). The PCDL is the most robust, though the CPOL is also robust in 
lateral view. A thin PCPL branches off of the PCDL instead of the APCDL (as seen in 
the preceding two vertebrae), as there is no indication of the APCDL on this vertebra. 
The PCPL in vertebra 1156-11 is more strongly developed than in any other dorsal 
vertebra of Dreadnoughtus. The ACPL is missing its exterior surface. A portion of the 
left PADF, CPAF, and POCDF are preserved, but not enough to comment on their shape 
or depth. The CPRF and CPOF are both shallow, and the CPRF is broad whereas the 
CPOF is taller than it is wide. 
 
1.4 Discussion 
 
1.4.1 Comparisons  
 Since no caudal vertebrae are known of Argentinosaurus (Bonaparte and Coria 
1993), the only overlapping elements between the largest titanosaurians known are dorsal 
vertebrae: Futalognkosaurus N = 10 (Calvo et al. 2007), Dreadnoughtus N = 8, 
Argentinosaurus N = 6 (Bonaparte and Coria 1993), Notocolossus N = 1 (González Riga 
et al. 2016), Paralititan N = 1 referred (Smith et al. 2001), Puertasaurus N = 1 (Novas et 
al. 2005). Although all taxa preserve at least one dorsal vertebra, comparisons are limited 
as the serial position of preserved vertebrae varies (e.g. the single dorsal vertebrae of 
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Notocolossus [González Riga et al. 2016] and Puertasaurus [Novas et al. 2005] are more 
anterior than any preserved of Dreadnoughtus). Among these giant titanosaurians, both 
Dreadnoughtus and Futalognkosaurus have dorsoventrally narrow transverse processes 
(Calvo et al. 2007), unlike Puertasaurus (Novas et al. 2005). In contrast, Dreadnoughtus 
and Argentinosaurus (Bonaparte and Coria 1993) have ventromedially inclined 
prezygapophyses, whereas Futalognkosaurus has almost horizontal prezygapophyses 
(Calvo et al. 2007). Puertasaurus and Notocolossus prezygapophyses exhibit an 
intermediate condition (Novas et al. 2005; González Riga et al. 2016).  
 Unlike many macronarians (e.g., Camarasaurus, Malawisaurus, 
Opisthocoelicaudia, Tastavinsaurus; Carballido and Sander 2014), the distal end of the 
transverse process of Dreadnoughtus does not curve smoothly into the dorsal surface of 
the process. This condition in Dreadnoughtus is similar to that of Euhelopus and 
titanosaurians such as Neuquensaurus, Saltasaurus, and Trigonosaurus (Carballido and 
Sander 2014). The neural spines of Dreadnoughtus possess subparallel lateral margins 
(Figures 1.2, 1.3), alike a minority of titanosauriforms (e.g., Mendozasaurus, 
Rapetosaurus, and Sauroposieden; Carballido and Sander 2014). In Dreadnoughtus, the 
dorsal development of the posterior dorsal neural spines is more than 20% of the total 
height of the vertebrae (Figure 1.1) This is also seen in, for example, the macronarians 
Andesaurus, Brachiosaurus, Camarasaurus, Ligabuesaurus, and Malawisaurus (Salgado 
et al. 2014). 
 The vertebrae of Dreadnoughtus preserve two different potential osteological 
correlates for soft tissue attachment, and both occur on multiple vertebrae (e.g., Figure 
1.5). As in Opisthocoelicaudia, Trigonosaurus, Epachthosaurus, Saltasaurus, 
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Lirainosaurus, and some other somphospondylans (Borsuk-Bialynicka 1977; Sanz et al. 
1999; Campos et al. 2005), the transverse processes of several vertebrae of 
Dreadnoughtus preserve a well-defined, semicircular area dorsomedial to the 
diapophyseal facet with mediolaterally-orientated striations. This area has previously 
been suggested to denote a soft-tissue attachment site (Sanz et al. 1999; D'Emic 2012). A 
second attachment scar occurs where the p-SPDL and the SPOL intersect in the posterior-
most middle and posterior dorsal vertebrae of Dreadnoughtus. Anterior dorsal vertebrae 
of Euhelopus also have "a roughened, flattened region" on the dorsal surface of the neural 
spine (Wilson and Upchurch 2009 p.220). Although the possible attachment area occurs 
in more posterior dorsal vertebrae in Dreadnoughtus and is located more laterally, these 
osteological correlates may represent the attachment of related soft tissues. 
 Division of SPDL in middle and posterior dorsal vertebrae is also seen in 
Trigonosaurus, Epachthosaurus, Overosaurus, and Saltasaurus (Campos et al. 2005; 
Martínez et al. 2004; Coria et al. 2013; Powell 1992). Of these taxa, only Saltasaurus 
preserves this condition in its anterior dorsal vertebrae (Powell 1992). It is possible that 
the "diapophyseal lamina" of Tapuiasaurus may also represent divided SPDL in its 
middle dorsal vertebrae (Zaher et al. 2011 fig. 4), as it appears to connect the diapophysis 
to the neural spine; therefore, according to the terminology of Wilson (1999, 2012), it is 
likely part of the SPDL.  
 Presence of the PCPL within dorsal vertebral regions (anterior, middle, posterior) 
varies among titanosauriforms. Dreadnoughtus, Malawisaurus (Gomani 2005), and 
Phuwiangosaurus (Suteethorn et al. 2009) have the PCPL present only in posterior dorsal 
vertebrae, as opposed to Epachthosaurus in which the PCPL (one of the laminae reported 
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with uncertain homology by Martínez et al. [2004]) are preserved only in middle dorsal 
vertebrae (no anterior dorsal vertebrae are known for this genus; Powell 1990; Martínez 
et al. 2004). In Opisthocoelicaudia, Trigonosaurus, Euhelopus, and Overosaurus the 
PCPL are present in middle and posterior dorsal vertebrae (Borsuk-Bialynicka 1977 figs. 
2–3 and plate 3; Campos et al. 2005; Coria et al. 2013; Wilson and Upchurch 2009). The 
PCPL are present in each region of the series in Rapetosaurus (Curry Rogers 2009). 
 
1.4.2 Assignment of predicted serial progression  
 Although not all the vertebrae can be definitively differentiated between the 
holotype and paratype, there is minimal, if any, overlap of preserved elements between 
the two individuals. Variation within this mixed series is clearly identifiable. Plastic 
deformation has altered the shape of almost every preserved vertebra, resulting in altered 
forms of some features frequently used for serial position assignment (e.g., position of the 
parapophyses relative to diapophyses, angle of the neural spine). However, neither of 
these factors are significant enough to preclude prediction of likely serial progression. 
Fortunately, presence and absence of specific laminae and fossae add additional 
information helpful in position assignment. 
 Despite being the most anteriorly preserved vertebra of the series, 1156?-4 is 
unlikely to be any more anterior than the 4th dorsal vertebra (Lacovara et al. 2014). This 
assignment is based on the location of the parapophyses on the neural arch below the 
diapophyses and presence of the CDF (Figure 1.1A), which most often is present in 
anterior dorsal vertebrae (e.g., Euhelopus [Wilson and Upchurch 2009], Huabeisaurus 
[D'Emic et al. 2013], Lirainosaurus [Díez Díaz et al. 2013b], Malawisaurus [Gomani 
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2005], Rapetosaurus [Curry Rogers 2009]). Unlike the next vertebra in the progression, 
1156?-5, vertebra 1156?-4 has linear PODL, extending directly from the diapophyses to 
the postzygapophyses (Figure 1.6A–B). This feature distinguishes vertebra 1156?-4 from 
the following series of middle vertebrae. 
 In 1156?-5, the preserved PODL exhibit an arc or "hook" shape. The degree of 
curvature can be seen to increase and then decrease through the middle of the series as 
vertebra 1156?-5 has moderately curved PODL, vertebra 1156-6 exhibits strongly curved 
PODL, and vertebra 1156?-9 exhibits PODL that are straight along the majority of their 
length before sharply turning to meet the postzygapophyses (Figure 1.6A–E). This is 
similar in form to the “disconnection” of the PODL in Bonitasaura (Gallina 2011; Figure 
1.6F). As reported by Gallina (2011), the PODL migrate dorsal to the postzygapophyses 
along the neural spine (therefore becoming the SPDL by the nomenclature of Wilson 
[2012]) before a "PODL" connects again straight from the diapophysis to the 
postzygapophysis. In contrast to Bonitasaura (Gallina 2011), the SPDL are not reduced 
during the transition of the PODL in Dreadnoughtus. Wilson (2012) termed this type of 
lamina transition as lamina capture and noted that topology should dictate the name for 
laminae. Thus, the laminae extending from the diapophyses to the neural spine in this 
paper are referred to as SPDL regardless if they reach that landmark via lamina capture or 
not. 
 The structure of the SPDL provide the best criterion to place the four vertebrae 
following 1156?-4 in a specific progression (Figures 1.1, 1.6A–E). In vertebra 1156?-5, 
the SPDL are an average thickness for Dreadnoughtus. However, in vertebra 1156-6 the 
SPDL are among the thickest laminae on the vertebra. Vertebrae 1156?-8 and 1156?-9 
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have a bifurcated SPDL into anterior and posterior branches (of average thickness) 
enclosing an SPDL-f. The extent of bifurcation is greater in 1156?-9, resulting in larger 
SPDL-f. This pattern follows for both sides of these vertebrae. Unfortunately, this region 
is not preserved in vertebrae 1156?-10 and 1156-11, and it is therefore impossible to 
determine if this feature is present in the most posterior dorsal vertebrae of 
Dreadnoughtus. Bifurcation of the SPDL also occurs in the middle and/or posterior 
dorsal vertebrae of Epachthosaurus, Trigonosaurus, and Overosaurus (Martínez et al. 
2004 figs. 3 and 4; Campos et al. 2005; Coria et al. 2013). 
 Since vertebra 1156?-5 has hook-shaped PODL and un-hypertrophied SPDL, it is 
likely the ~5 th dorsal vertebra (Figure 1.6B). Vertebra 1156-6 would follow (therefore ~6 
th; Lacovara et al. 2014) based on the hook-shaped PODL and hypertrophied SPDL 
(Figure 1.6C). Next, 1156?-8 is predicted to be the ~7 th dorsal vertebra (Lacovara et al. 
2014) as it has a bifurcated SPDL with SPDL-f (Figure 1.6D) and vertebra 1156?-9 
would follow (~8th; Lacovara et al. 2014) as it has a wider and longer bifurcation of the 
SPDL (Figure 1.6E). Fragment 1156?-7 would belong to a vertebra located somewhere in 
this region of the sequence, as suggested by the bifurcation of the SPDL (Figure 1.4A), 
but lack of preservation prevents further interpretation. If there were any sequence 
overlap preserved between the holotype and paratype, it would most likely be in this 
region of the sequence. Considering the preservation state of the vertebrae and the 
taphonomic data collected (see Lacovara et al. 2014), this distinction cannot be made, and 
since there are significant differences between the vertebrae, it is reasonable to assume no 
overlap and that the sequence proposed herein is a likely progression (even though it is an 
amalgamation of two individuals). 
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 Vertebra 1156?-9 exhibits the most anterior occurrence of PCPL, which are also 
seen in vertebrae 1156?-10 and 1156-11 (Figure 1.1E–G). In vertebra 1156?-9, the PCPL 
are short, and in vertebrae 1156?-10 and 1156-11 they increase in length and robustness. 
This specific feature significantly aids in identification of their positions in the serial 
progression and thus serial assignment for these last two preserved vertebrae. Based on 
the aforementioned aspects of the PCPL, vertebra 1156?-10 is predicted to be the ~9th and 
1156-11 the ~10th. The assignment of vertebra 1156-11 as ~10 th is further supported by a 
ventral extension of the TPOL, as in Bonitasaura (Gallina 2011). Though this feature 
also occurs in the first dorsal vertebrae of Bonitasaura and Rapetosaurus (Gallina 2011, 
Curry Rogers 2009), 1156-11 cannot be the anterior-most dorsal vertebra of 
Dreadnoughtus because of the presence of a PCPL and lack of an ACDL.  
 
1.5 Conclusion 
 
 The nearly complete remains of Dreadnoughtus schrani are important in that this 
taxon is the most complete giant titanosaurian yet described (Lacovara et al. 2014). Seven 
nearly complete dorsal vertebrae and an additional fragment of an eighth are preserved, 
making this the second most complete dorsal series among giant titanosaurians (the 
dorsal series of the smaller Futalognkosaurus is complete; Calvo et al. 2007). Despite 
variation in the regions and positions of dorsal vertebrae preserved of these large taxa, 
some noteworthy comparisons can be gleaned. For example, the angle of the articular 
surfaces of the prezygapophyses in Futalognkosaurus are almost horizontal (Calvo et al. 
2007) and only slightly ventromedially inclined in Puertasaurus and Notocolossus 
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(Novas et al. 2005; González Riga et al. 2016), whereas in Dreadnoughtus and 
Argentinosaurus (Bonaparte and Coria 1993) they are more strongly ventromedially 
inclined.  
 The dorsal vertebrae of Dreadnoughtus exhibit taphonomic deformation yet still 
preserve delicate laminae and rugose and striated areas for potential soft tissue 
attachment. This excellent preservation allows their serial progression and approximate 
serial positions to be estimated. Though the preserved dorsal vertebrae of Dreadnoughtus 
pertain to both the paratype and holotype specimens, only two can be definitively 
assigned to the holotype (MPM-PV 1156). Even so, the anatomy of these vertebrae 
indicate minimal, if any, positional overlap. The criteria used to determine serial 
progression in Dreadnoughtus may be useful in estimating the position of vertebrae in 
more incomplete titanosaurians. 
 Although no autapomorphies in the preserved dorsal vertebrae of Dreadnoughtus 
were described by Lacovara et al. (2014) nor identified in this more detailed study , these 
vertebrae exhibit a unique expression of laminae within specific dorsal vertebral regions. 
Bifurcation of the SPDL is useful in identifying middle to posterior dorsal vertebrae. 
Also, presence of the PCPL aids in identification of posterior dorsal vertebrae. The 
completeness of the axial and appendicular skeleton of Dreadnoughtus, make it an 
important specimen for understanding the anatomy of large titanosaurians. Future 
investigations into the evolution and phylogenetic relationships of these enigmatic 
creatures will benefit from continued discovery and description of relatively complete 
skeletons. 
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Figure 1.1 Left lateral view of the seven nearly complete dorsal vertebrae of 
Dreadnoughtus schrani. (A) MPM-PV 1156?-4; (B) MPM-PV 1156?-5; (C) MPM-PV 
1156-6; (D) MPM-PV 1156?-8; (E) MPM-PV 1156?-9; (F) MPM-PV 1156?-10; (G) 
MPM-PV 1156-11. Scale bar equals 0.5 meter. 
27
 
 
 
 
Figure 1.2. (A) Dorsal view of MPM-PV 1156?-4. Anterior view of the seven nearly 
complete dorsal vertebrae of Dreadnoughtus schrani. (B) MPM-PV 1156?-4; (C) MPM-
PV 1156?-5; (D) MPM-PV 1156-6; (E) MPM-PV 1156?-8; (F) MPM-PV 1156?-9; (G) 
MPM-PV 1156?-10; (H) MPM-PV 1156-11. Scale bar equals 0.5 meter. 
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Figure 1.3 Posterior view of the seven nearly complete dorsal vertebrae of 
Dreadnoughtus schrani. (A) MPM-PV 1156?-4; (B) MPM-PV 1156?-5; (C) MPM-PV 
1156-6; (D) MPM-PV 1156?-8; (E) MPM-PV 1156?-9; (F) MPM-PV 1156?-10; (G) 
MPM-PV 1156-11. Scale bar equals 0.5 meter. 
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Figure 1.4 The partial neural spine of Dreadnoughtus schrani MPM-PV 1156?-7. (A) 
Left lateral view; (B) Posterior view. Scale bar equals 10 cm. 
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Figure 1.5 Examples of osteological correlates for soft tissue attachment on the dorsal 
vertebrae of Dreadnoughtus schrani. (A) Left lateral view of the neural spine of vertebra 
MPM-PV 1156?-9. Arrows mark the initial split of the SPDL. Dotted line encircles the 
osteological correlate on the neural spine. (B) Dorsal view of the left transverse process 
of vertebra MPM-PV 1156?-8. Solid line marks the semi-circular margin of the striations 
on the transverse process. Images are not to scale. 
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CHAPTER 2: APPENDICULAR MYOLOGICAL RECONSTRUCTION OF 
DREADNOUGHTUS SCHRANI 
 
2.1 Abstract 
 Soft tissues, such as muscles, rarely preserve in the fossil record, but they can 
leave clues about their location on bones. For muscles, these clues can be used to better 
understand how extinct organisms moved and the evolution of their locomotor patterns. 
Limb and girdle musculature of the giant titanosaurian sauropod Dreadnoughtus schrani 
are reconstructed herein based on observations of osteological correlates and dissections 
of taxa comprising the Extant Phylogenetic Bracket of non-avian dinosaurs (crocodilians 
and avian dinosaurs). Fossils recovered of Dreadnoughtus exhibit remarkably well-
preserved, well-developed, and extensive muscle scars. Furthermore, this taxon is less 
derived and significantly larger-bodied than any titanosaurian for which a myological 
reconstruction has previously been performed, making its myological study highly 
informative for the group. Identifying titanosauriform muscle origins and insertions and 
how these may have changed through the evolutionary history of these sauropods is an 
important step in deciphering the acquisition of wide-gauge posture and the resulting 
locomotor changes.  
 Of the 53 muscles investigated in this study, 49 were adequately supported to 
reconstruct from EPB comparisons and presence of osteological correlates. In total, 76 
osteological correlates were identified on the appendicular remains of Dreadnoughtus, 
allowing the reconstruction of 30 muscles to be assigned Level I or II Inferences (i.e., not 
Level I' or II' Inferences). Comparisons among titanosaurians suggest widespread 
myological variation, although phylogenetic patterns are often obscured by fragmentary 
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preservation, infrequent myological studies, and lack of consensus on the phylogenetic 
placement of many taxa. For example, some lithostrotian titanosaurians exhibit a raised 
osteological correlate likely corresponding to the origin of the M. subscapularis, whereas 
the diplodocoid Suuwassea exhibits an osteological correlate that is not raised. Because 
this muscle is an adductor, increased development of this attachment site in lithostrotians 
suggests an increase in applied stress that could be related to counteracting torque on the 
glenoid from wide-gauge posture; however, variable reported presence of this feature 
among titanosaurians precludes confirmation of such a phylogenetically-based inference. 
Conversely, variable presence and development of an osteological correlate for the origin 
of the Mm. femorotibiales among titanosaurians appears to be more likely correlated to 
body size than phylogenetic position. By identifying such myological variations, we can 
begin to address specific evolutionary and biomechanical questions related to the unique 
wide-gauge posture of titanosaurians.  
 
2.2 Introduction 
 Titanosaurian sauropods have been discovered on every continent (Upchurch et 
al. 2004; Wilson 2006) and range in size from dwarf island taxa to 60+ ton giants(Benson 
et al. 2014; Lacovara et al. 2014; González Riga et al. 2016). Though more than 60 
species of titanosaurians have been discovered (Martínez et al. 2016, and references 
therein), their remains are frequently fragmentary (Upchurch et al. 2004). In general, lack 
of quantity and quality of preservation, in addition to few myological investigations, limit 
our understanding of sauropod appendicular musculature. The only myological study to 
date on the fore- and hind limbs of a titanosaurian is of Opisthocoelicaudia by Borsuk-
Bialynicka (1997). Otero and Vizcaíno (2008) have also reconstructed the myology of the 
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hind limb of Neuquensaurus. Additionally, authors occasionally discuss osteological 
correlates (when prominent) in their descriptions of sauropod appendicular material (e.g., 
Harris 2007; Curry Rogers 2009; Gallina and Apesteguía 2015). Other authors have 
studied the myology of non-avian dinosaurs outside of Sauropoda (e.g., Dilkes 1999; 
Carrano and Hutchinson 2002; Jasinoski et al. 2006; Langer et al. 2007; Maidment and 
Barrett 2012). Because it is only the second detailed myological study of a sauropod, this 
investigation of Dreadnoughtus schrani is important for elucidating the soft tissue 
anatomy and function of muscles in this group. In addition, Dreadnoughtus is 
significantly larger and less derived than previously reconstructed taxa 
(Opisthocoelicaudia [Borsuk-Bialynicka 1997] and Neuquensaurus [Otero and 
Vizcaíno). The appendicular skeleton of Dreadnoughtus is conducive for a detailed 
myological study because at least one of every major limb bone is preserved and the 
bones preserve excellent surface texture, including numerous osteological correlates 
(Lacovara et al. 2014). 
 Soft tissues, such as muscles, do not normally preserve in the fossil record 
(Bryant and Seymour 1990), though occasionally they can leave evidence of their 
presence on bone in the form of osteological correlates (Bryant and Seymour 1990; 
Frankel and Nordin 2001). Osteological correlates form as a result of the force a muscle 
applies to bone when it contracts to move it (Frankel and Nordin 2001). This force is 
applied to the bone over the area of attachment of the muscle, which is the definition of 
stress (stress = force/area). Because bone is a combination of mineral, proteins, and cells, 
it is able to respond to stress by remodeling its shape to reduce the impact of that stress 
(Frankel and Nordin 2001). It is this remodeling process that results in textured areas, 
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commonly either striations or pitting (Figure 2.1), at the macroscopic scale, which are 
preserved as osteological correlates in some fossils (Bryant and Seymour 1990, and 
references therein; Dilkes et al. 2012). The concept of bone remodeling due to stress is 
known as Wolff’s law (Frankel and Nordin 2001; Rayfield 2007). There is no numerical 
relationship, simply the concept that change in stress can result in remodeling (Frankel 
and Nordin 2001). There is some debate as to how closely linked the morphology of a 
bone is to the function of distributing stress (Rayfield 2007; Hogervorst et al. 2009, and 
references therein).  
 Muscles do not always generate osteological correlates, nor do they always create 
an osteological correlate over their entire area of attachment (Bryant and Seymour 1990, 
and references therein; Dilkes et al. 2012). Furthermore, osteological correlates alone do 
not identify which muscle attached at that particular location nor where the other 
attachment of that muscle might be located. These factors increase the difficultly in 
reconstructing the myology of extinct taxa (Carrano and Hutchinson 2002, and references 
therein; Dilkes et al. 2012). To fill in these gaps, comparisons must be made with extant 
taxa using parsimonious hypotheses. The widely used method, extant phylogenetic 
bracketing (EPB), was developed by Witmer (1995, 1997). In this method, closely related 
extant taxa are studied to infer the probable condition in an extinct taxon. With the 
concept of EPB, Witmer (1995, 1997) also established Levels of Inference to characterize 
the confidence placed in these inferences. For example, if a similar condition is present in 
each of the bracketing extant taxa, the inference that an extinct taxon also had a similar 
condition is strengthened; it is further strengthened by the presence of an osteological 
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correlate in the extinct taxon. For a detailed description of the application of Levels of 
Inference, see Witmer (1995, 1997) and Carrano and Hutchinson (2002). 
 All sauropods retain a similar bauplan with small heads, long necks, "columnar" 
limbs, and long tails (Upchurch et al. 2004; Rauhut et al. 2011). One of the major events 
within the evolution of Sauropoda is the development of a unique limb stance termed 
'wide-gauge posture' in Titanosauriformes (Wilson and Carrano 1999; Carrano 2005). 
This posture is characterized by the footfalls being placed away from the body midline 
(while retaining a columnar limb) by widening of the shoulder and pelvic girdles, and, in 
the most derived taxa (e.g., Saltasaurus and Neuquensaurus [Wilson 2002]), by the 
proximal portion of the femur also curving medially, resulting in extreme wide-gauge 
posture (Wilson and Carrano 1999). Titanosaurians are the only known terrestrial 
organisms to exhibit this posture (Wilson and Carrano 1999). Evolutionary driver(s) for 
wide-gauge posture are currently unknown, but Wilson and Carrano (1999) suggest wide-
gauge posture allowed titanosaurians to reach gigantic sizes, some becoming the largest 
known organisms ever to walk on Earth. However, relative expression of wide-gauge 
features are not correlated with increasing body size within titanosauriform phylogeny 
(Sander et al. 2011; Ullmann and Lacovara in press). The association of wide-gauge 
posture with gigantism is a trade-off between stability and weight support. The wide 
stance of titanosaurians may have increased their lateral stability (Mannion and Upchurch 
2010; Ullmann et al. in press), but would have also increased the moment about the 
shoulder and hip joints (Wilson and Carrano 1999). To remain upright, this force (greatly 
increased in giant titanosaurians by their massive weight) would have had to be 
counteracted by muscle force(s) in order for the organism to avoid collapsing belly to the 
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ground (Wilson and Carrano 1999). Thus, to better understand wide-gauge posture, its 
evolution, and any potential benefits it may have provided titanosaurians, the relationship 
between muscular anatomy and their influence (i.e., function) must be better understood.  
 
2.3 Methods 
 To reconstruct the muscles of Dreadnoughtus, EPB comparisons were drawn with 
crocodilians and avian dinosaurs, the closest living relatives to non-avian dinosaurs. The 
extant phylogenetic bracket was extended to include, when possible, lepidosaurs and 
turtles if an attribute of a muscle in dinosaurs was equivocal based solely on crocodilians 
and avian dinosaurs. Comparison to these closely related, non-archosaurian reptiles then 
faciliated identification of a plausible basal condition. Dissections of an American 
Alligator (Alligator mississippiensis) and several avian taxa (preserved pigeon, Columba 
livia; fresh turkey, Meleagris gallopavo) were completed to confirm reported attachment 
locations from the literature. Results from these dissections were in agreement with 
previous reports unless otherwise noted. Further support of EPB attachment sites in 
Dreadnoughtus was possible via the identification of abundant osteological correlates. 
When the name of an avian muscle differed from the name of its crocodilian homolog, 
the more basal name was used in this reconstruction. For ease of the reader, avian 
dinosaurs will be referred to as birds in this chapter.  
 Muscles do not always leave an osteological correlate, and these structures do not 
always encompass the entirety of an attachment area (Carrano and Hutchinson 2002 and 
references therein); therefore, muscles were reconstructed in Dreadnoughtus only over 
the area of an osteological correlate. It is acknowledged that the total area reconstructed 
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for an attachment may be incomplete. Table 2.1 summarizes each muscle investigated, its 
attachment sites, number of divisions, and if each of these are equivocal or unequivocal 
in dinosaurs. The Level of Inference (Witmer 1995, 1997) for each muscle discussed 
below (and each of its attachments) is reported in Table 2.2. In addition to reconstructing 
the appendicular myology of Dreadnoughtus, I compare to other titanosaurian species to 
explore myological variation within the group. 
 
2.3.1 Material 
 Preserved appendicular material of the holotype individual of Dreadnoughtus 
schrani (MPM-PV 1156) includes: the left scapula and coracoid; both sternal plates; left 
humerus, radius, and ulna; complete plevis; left femur; both tibiae; left fibula and 
astragalus; right metatarsals I, II, and pedal ungual of digit I. Additionally, the paratype 
individual (MPM-PV 3546) preserves a complete pelvis and left femur (Lacovara et al. 
2014). 
 
2.4 Results and Discussion  
 
2.4.1 Forelimb Musculature 
 
2.4.1.1 Axial to Limb 
 M. levator scapulae – The presence of this muscle is equivocal in dinosaurs. It is 
present as two branches (superficialis and profundus) in lepidosaurs and as one muscle in 
crocodilians. This muscle is not present in birds (Dilkes 1999). In crocodilians Meers 
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(2003) identifies the origin of the M. levator scapulae as the cranial cervical ribs and the 
insertion to be the majority of the length of the cranial margin of the scapula as a fleshy 
attachment. For lepidosaurs, Dilkes (1999) describes the insertion as being on the lateral 
side of the suprascapula (superficialis) and on the medial side of the scapula or 
suprascapula (profundus). 
 The scapula of Dreadnoughtus exhibits potential scarring (in the form of faint, 
parallel striations) on the distal two-thirds of the dorsal margin of the scapular blade that 
could correspond to this muscle. This region is also possibly adjacent with the potential 
site of insertion of the M. rhomboideus. Thus, it is difficult to determine if one or both 
muscles were present. The M. levator scapulae, therefore, is tentatively reconstructed in 
Dreadnoughtus to attach along the dorsal margin of the scapular blade (Figure 2.2); the 
striations would be predicted to be more medially positioned for the M. rhomboideus. 
The M. levator scapulae is also reconstructed at this location in Opisthocoelicaudia 
(Borsuk-Bialynicka 1977).   
 M. rhomboideus – In birds and crocodilians the M. rhomboideus inserts distally 
on the dorsomedial side or edge of the scapula or suprascapula (Dilkes 1999; Jasinoski et 
al. 2006). Birds have two divisions of this muscle, the Mm. rhomboideus superficialis 
and profundus, while crocodilians only have one (Dilkes 1999; Jasinoski et al. 2006). It is 
equivocal in dinosaurs exactly where the M. rhomboideus attached and how many 
divisions it had, but EPB analysis suggests it was present. In general, it would have 
inserted distally on the dorsal edge or medial side of the scapular blade. The scapula of 
Dreadnoughtus has no visible osteological correlates on the medial side of the distal 
blade. Alternatively, the M. rhomboideus may have attached to the suprascapula. As 
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mentioned above, the striations on the distal dorsal margin of the scapular blade may also 
correspond to the insertion of this muscle. If this were the case, then Dreadnoughtus 
would have an avian-like condition for the M. rhomboideus. There is also a small area of 
slight swelling with anteroposteriorly directed striations, approximately one third of the 
way along the scapular blade from the distal end. It is possible that this could correspond 
to a portion of the attachment of the M. rhomboideus, but could also be the attachment of 
the M. serratus profundus (see discussion below). Since there is no definitive evidence as 
to the location of the insertion of this muscle, it is not reconstructed in Dreadnoughtus, 
though it was likely present. 
 M. serratus superficialis – This muscle was found to insert along the posterior 
margin of the scapula or suprascapula in Sphenodon, Iguana, and crocodilians (Dilkes 
1999). In birds this muscle is present as two divisions, the Mm. serratus superficialis pars 
cranialis and pars caudalis, which insert on the posteromedial margin and the 
ventromedial margin of the scapula, respectively (Dilkes 1999). Thus, EBP analyses 
support the presence of this muscle in dinosaurs, but it remains equivocal if one or two 
divisions were present. Since both divisions insert near the same location and at least one 
was likely present, Dreadnoughtus is conservatively reconstructed with one division 
(Figures 2.2–3), the M. serratus superficialis, as evidence for two divisions is not obvious 
at this time. The ventral border of the Dreadnoughtus scapular blade (middle and distal 
portions) preserves faint striations that are better developed proximally. These are a 
potential osteological correlate for either the M. serratus superficialis or the M. 
scapulohumeralis posterior (see discussion below); these attachments may also abut one 
another. Borsuk-Bialynicka (1977) reconstructs the M. serratus superficialis along 
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tuberosities on the middle third of the ventral border of the scapula in 
Opisthocoelicaudia. This area is more proximal than the area exhibiting striations on the 
ventral border of the scapula of Dreadnoughtus.  
 M. serratus profundus – The M. serratus profundus originates from the anterior 
most dorsal ribs in crocodilians and from either the cervical and/or dorsal vertebrae or 
ribs as one or two slips in birds (Jasinoski et al. 2006). This muscle inserts on the medial 
or dorsomedial side of the distal scapular blade in lepidosaurs, crocodilians, and birds. 
The insertion of the M. serratus profundus is ventral to the insertion of the M. 
rhomboideus in these taxa (Dilkes 1999; Jasinoski et al. 2006). On the medial side of the 
distal scapular blade of Dreadnoughtus (approximately just over halfway to the distal 
end) there is a small area of slight swelling with anteroposteriorly directed striations that 
could correspond to the M. serratus profundus (Figure 2.3). Because the insertion of this 
muscle was probably proximal to that of the M. rhomboideus (as in most EPB 
comparisons), it is likely this scar is the osteological correlate for the M. serratus 
profundus instead.  
 Mm. costocoracoideus – It is hypothesized that the Mm. costocoracoideus of 
crocodilians and the M. sternocoracoideus of birds are homologous (Jasinoski et al. 
2006). Unlike the M. sternocoracoideus, the Mm. costocoracoideus has two parts 
(superficialis and profundus) which both originate from the cranial edges of the first few 
ribs. The M. costocoracoideus superficialis inserts along almost the entire caudodorsal 
edge of the coracoid whereas the M. costocoracoideus profundus inserts on the medial 
side of the coracoid and the craniolateral edge of the sternum (Meers 2003; Jasinoski et 
al. 2006). The M. sternocoracoideus of birds originates from the craniolateral process of 
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the sternum and inserts ventromedially on the coracoid (Dilkes 1999; Meers 2003; 
Jasinoski et al. 2006). 
 Although the number of divisions present in dinosaurs is equivocal, it is likely 
that dinosaurs had at least one part of the Mm. costocoracoideus. A small region of the 
medial surface of the coracoid of Dreadnoughtus exhibits striations, which could 
represent the insertion of one part of the Mm. costocoracoideus, potentially the profundus 
part (Figure 2.3). In Opisthocoelicaudia, Borsuk-Bialynicka (1977) described the medial 
surface of the coracoid as concave and suggested that if the M. costocoracoideus was 
present, it would have attached there. This muscle was reconstructed in a similar region 
as in Dreadnoughtus (though more ventrally) in the sauropodomorph Saturnalia (Langer 
et al. 2007). 
 M. latissimus dorsi – The M. latissimus dorsi originates from the fascia near the 
spines of the dorsal vertebrae (Meers 2003). It always inserts proximally on the posterior 
surface of the humerus, but variation exists between EPB taxa as to how proximal or 
lateral the insertion is placed (Dilkes 1999; Meers 2003). Birds (except Apteryx) have two 
branches of this muscle that insert adjacent to each other. The M. latissimus dorsi always 
inserts medially to the deltoid muscles and distal to the M. scapulohumeralis anterior 
when it is present (Dilkes 1999; Meers 2003). 
 Although it is equivocal if dinosaurs had one or two branches of the M. latissimus 
dorsi, if they had the avian condition, the insertions would have been next to each other, 
making them difficult to differentiate. Therefore, Dreadnoughtus is only reconstructed 
with one area for insertion of this muscle (Figure 2.4). Reconstructions in 
sauropodomorphs are not consistent concerning where the insertion of this muscle is 
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placed. Borsuk-Bialynicka (1977), Otero (2010), and Poropat et al. (2015) place the M. 
latissimus dorsi insertion on the posterior side of the humeral shaft at a low, rough bulge 
in Opisthocoelicaudia, Neuquensaurus, and Diamantinasaurus, respectively. In contrast, 
Langer et al. (2007) and Mannion and Otero (2012) place the insertion on the lateral 
deltopectoral crest posterolateral to its anterior apex (where the M. scapulohumeralis 
anterior insertion is reconstructed in Dreadnoughtus) in Saturnalia and Elaltitan, 
respectively. Because the humerus of Dreadnoughtus exhibits a concentrated area of 
striations along the posterolateral face of the shaft just distal to the apex of the 
deltopectoral crest, the latissimus dorsi insertion is reconstructed at that location (Figure 
2.4). This is in agreement with Borsuk-Bialynicka (1977) and Otero (2010) and 
consistent with EPB taxa as it is medial to the deltoid muscles and distal to the M. 
scapulohumeralis anterior insertion site. A rugose bulge is also described in 
Lirainosaurus on the posterior face of the humerus at about the midshaft (Sanz et al. 
1999; Díez Díaz et al. 2013a), which likely is an osteological correlate for the M. 
latissimus dorsi insertion. An osteological correlate reported for "brachial muscle" by 
Curry Rogers (2009, p.1072) on the posterior humerus of Rapetosaurus, just proximal to 
the midshaft, also likely represents the insertion of this muscle. 
 M. teres major – Both the Mm. latissimus dorsi and teres major would insert via a 
common tendon onto the posterolateral face of the humeral shaft, just distal to the apex of 
the deltopectroal crest, if the M. teres major was present. The M. teres major is equivocal 
in dinosaurs because it is present in crocodilians but not birds. Since the origin of this 
muscle is on the dorsal edge of the lateral face of the scapular blade in the same region as 
the insertion of M. levator scapulae (Dilkes 1999; Meers 2003; Jasinoski et al. 2006), it is 
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unlikely that there would be a distinct osteological correlate for this muscle in dinosaurs. 
Additionally, no distinct osteological correlates for the M. teres major are preserved on 
the scapula or humerus of Dreadnoughtus. It is difficult to determine if this muscle was 
present in dinosaurs and, thus, it is not reconstructed in Dreadnoughtus.  
 
2.4.1.2 Girdle to Distal 
 M. deltoideus scapularis – The M. deltoideus scapularis originates from a fairly 
expansive area on the lateral or anterolateral side of the scapula in lepidosaurs and 
crocodilians (Dilkes 1999; Meers 2003; Jasinoski et al. 2006). This muscle inserts 
proximolaterally on the posterior face of the humerus near the origin of the humeral head 
of the Mm. triceps (Dilkes 1999; Meers 2003; Jasinoski et al. 2006). The homologue in 
birds, the Mm. deltoideus major, is frequently reported comprising two heads (Dilkes 
1999; Jasinoski et al. 2006). The anterior head originates variable on the lateral scapula 
distal to the acromion, the acromion process, or os humerocapsularis (os 
humeroscapulare sensu Dilkes 1999; Jasinoski et al. 2006). When the posterior head is 
present, its origin is the acromion, clavicle, or coracoid. Both heads insert onto the 
posterior face of the deltopectoral crest (Dilkes 1999; Jasinoski et al. 2006). 
 EPB comparisons suggests this muscle was present in dinosaurs but the number of 
heads is equivocal. On the lateral face of the scapula of Dreadnoughtus, near the base of 
the blade, there is a small, elevated area exhibiting small pits which may represent an 
osteological correlate for a muscle (Figure 2.2). This could possibly represent the origin 
of the M. deltoideus scapularis. Considering that in the majority of EPB taxa this muscle 
originates over a large area, it is possible the M. deltoideus scapularis attached over a 
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larger area in Dreadnoughtus, and as the area of attachment is just distal to that of the M. 
levator scapulae, it was potentially adjoining the M. levator scapulae. The origin of M. 
deltoideus scapularis is also reconstructed at the base of the scapular blade in 
Opisthocoelicaudia (Borsuk-Bialynicka 1977). Both Curry Rogers (2009) and Otero 
(2010) report a muscle scar posterior to the acromion ridge in Rapetosaurus and 
Neuquensaurus, respectively; because these scars are in a similar location, it is likely that 
they also correspond to the origin of the M. deltoideus scapularis. The posterior surface 
of the deltopectoral crest on the humerus of Dreadnoughtus is disrupted with 
compression fractures and offsets caused by taphonomic deformation. Regardless of lack 
of support from osteological correlates, the M. deltoides scapularis likely attached at this 
location, just lateral to the origin of the humeral head of the Mm. triceps, according to 
EPB comparisons (Figure 2.4). This reconstruction matches that in Opisthocoelicaudia, 
for which Borsuk-Bialynicka (1977) describes a rough surface and potential osteological 
correlate at this location, dorsal to the M. scapulohumeralis anterior insertion. deltoideus 
pars propatagialis 
 M. deltoideus clavicularis – There is some variation in the origin of the M. 
deltoideus clavicularis (Mm. propatagialis of birds; Jasinoski et al. 2006) related to 
differing shoulder girdle constructions in living reptiles. In turtles and crocodilians, at 
least a portion of the origin of this muscle is from the anterior edge of the acromion on 
the scapula (Dilkes 1999; Meers 2003; Jasinoski et al. 2006). In contrast, the M. 
deltoideus clavicularis in lepidosaurs and the Mm. propatagialis in birds primarily 
originates from the dorsal end of the clavicle (Mm. deltoideus pars propatagialis sensu 
Dilkes 1999; Jasinoski et al. 2006). Variation also exists concerning the insertion of this 
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muscle. The insertion of the M. deltoideus clavicularis fuses with the M. deltoideus 
scapularis in turtles and remain adjacent but separate insertions on the dorsal face of the 
deltopectoral crest in lepidosaurs and crocodilians (Dilkes 1999; Meers 2003; Jasinoski et 
al. 2006). According to Jasinoski et al. (2006), the Mm. propatagialis in birds is 
specialized for flight, inserting more distally on the forearm, and thus is likely not 
comparable to the condition in most non-avian dinosaurs. Birds (Dilkes 1999; Jasinoski 
et al. 2006) and chameleons (Jasinoski et al. 2006) are reported to have two head for their 
respective homologus muscles, making the non-avian dinosaur condition equivocal. 
 Dreadnoughtus preserves osteological correlates for at least one head of the M. 
deltoideus clavicularis and EPB analysis supports the presence of at least one head. Since 
the presence of a second head is equivocal and there are no distinct osteological 
correlates, a second head is not reconstructed in Dreadnoughtus. The acromial ridge of 
the scapula of Dreadnoughtus preserves a striated area that could be an osteological 
correlate for the origin of the M. deltoideus clavicularis (Figure 2.2). These striations are 
more prominent along the acromial ridge and the shallowly concave fossa just distal to it. 
Langer et al. (2007) also suggests that the deltoid muscles in Saturnalia, which would 
include this muscle, originated from the acromial region of the scapula. The scapula of 
Lirainosaurus is described as not exhibiting an acromial ridge (Díez Díaz et al. 2013a), 
unlike Dreadnoughtus and many other titanosaurians (Upchurch et al. 2004). On the 
lateral side of the humerus of Dreadnoughtus there is a distinct region of circular pitting 
which likely represents the insertion of the M. deltoideus clavicularis (Figure 2.2). This 
location retains the association of this muscle inserting anterior to the M. deltoides 
scapularis, as seen in EPB taxa (Dilkes 1999; Meers 2003; Jasinoski et al. 2006). Due to 
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anteroposterior compression of the humerus of Dreadnoughtus, it is probable this region 
did not face as laterally in life as is currently observed. Langer et al. (2007) also 
reconstructs the insertions of this muscle and the M. deltoideus scapularis on the 
posterolateral side of the deltopectoral crest.  
 M. supracoracoideus – Crocodilians have two (Dilkes 1999) or three (Meers 
2003; Jasinoski et al. 2006) divisions of the M. supracoracoideus whereas all other EPB 
taxa have only one (Dilkes 1999; Jasinoski et al. 2006). Thus the number of divisions is 
equivocal in dinosaurs. The attachment for the origin of this muscle is also equivocal. 
Dilkes (1999) reports the origin of this muscle as the ventral surfaces of the acromion and 
the coracoid for turtles. Crocodilians also have the M. supracoracoideus originating from 
the coracoid and scapula (from both the acromion and the medial surface; Meers 2003; 
Jasinoski et al. 2006). Lepidosaurs and ratties differ in that the origin for this muscle only 
attaches to the coracoid (Dilkes 1999; Jasinoski et al. 2006). In neognaths, this muscle 
arises from the sternum and/or keel (Dilkes 1999; Jasinoski et al. 2006). The insertion of 
this muscle is on the proximal portion of the ventral surface of the deltopectoral crest in 
all non-avian EPB taxa (Dilkes 1999; Meers 2003; Jasinoski et al. 2006). The M. 
supracoracoideus also inserts on the proximal humerus in birds, specifically the anterior 
tubercle in negonaths (Dilkes 1999; Jasinoski et al. 2006). 
 As Jasinoski et al. (2006) points out, the only location all above EPB taxa have in 
common for the origin of the M. supracoracoideus is the coracoid and it is possible this 
attachment continued onto the scapula (Dilkes 1999). Striations posterodorsal, posterior, 
and ventral to the coracoidal foramen the coracoid of Dreadnoughtus likely represent at 
least part of the origin of this muscle (Figure 2.2). It is possible this attachment was 
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greater than the area with preserved osteological correlates and may have additionally 
attached anteroventral to the coracoid foramen to a rounded area below the M. biceps 
branchi origination. On the lateral face of the scapula of Dreadnoughtus, striations are 
present at approximately half the height of the coracoid articulation near the anterior 
margin. These striations could be an osteological correlate for an expanded origin of the 
M. supracoracoideus (Figure 2.2). Since the holotype individual of Dreadnoughtus is not 
a full adult (Lacovara et al. 2014), it is also possible these striations could be from 
cartilage that would have connected the coracoid and scapula until fusion in adulthood. 
Thus, it is unknown if the origin of the M. supracoracoideus in Dreadnoughtus was, in 
part, from the scapula or not; therefore, the scapular origin is only tentatively 
reconstructed. The origin of the M. supracoracoideus is generally reconstructed in the 
same location on the coracoid in Opisthocoelicaudia and Neuquensaurus (Borsuk-
Bialynicka 1977; Otero 2010). Langer et al. (2007) reconstructs this origin on both the 
scapula and coracoid in the sauropodomorph Saturnalia. The humerus of Dreadnoughtus 
exhibits a flat spot on the proximoanterior portion of the deltopectoral crest with a 
combination of striations mixed with potential pitting; this attachment site likely 
corresponds to the insertion of the M. supracoracoideus. It is distinguishable from other 
surrounding muscle attachments due to differences in the directionality of striations. 
Borsuk-Bialynicka (1977) reconstructs the insertion of this muscle on the dorsolateral 
surface of the humerus. This is an unlikely attachment location as it does not agree with 
EPB comparisons (see above) and most likely this origin should be on the anterior face of 
the proximal portion of the deltopectoral crest, as reconstructed in Dreadnoughtus. 
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Saturnalia is reconstructed with the insertion of this muscle along the entire anterolateral 
margin of the deltopectoral crest (Langer et al. 2007).  
 Mm. coracobrachialis – According to Dilkes (1999), the Mm. coracobrachialis 
has two branches in turtles, Sphenodon, squamates (longus and brevis), and neognaths 
(cranialis and caudalis), whereas crocodilians and ratites only have one branch (brevis). 
Meers (2003) also reports only the M. coracobrachialis brevis in crocodilians, except with 
two branches (the dorsalis and ventralis). Thus, the number of divisions of this muscle is 
equivocal in non-avian dinosaurs. It is possible that crocodilians lost the M. 
coracobrachialis longus, unlike their less derived ancestors. Since ratites also only have 
one branch of the M. coracobrachialis, Dilkes (1999) suggests that if dinosaurs only had 
one branch it was likely the brevis part. In contrast, Borsuk-Bialynicka (1977), Langer et 
al. (2007), and Poropat et al. (2015) suggest sauropodomorph dinosaurs may have had 
both the Mm. coracobrachialis brevis and longus branches, and each reconstructs one or 
more attachments for the Mm. coracobrachialis. 
 In crocodilians, the M. coracobrachialis brevis ventralis originates from the 
ventral surface of the coracoid as a broad fleshy attachment extending from just ventral to 
the coracoid foramen to near the sternum. This muscle inserts as a tendon on the 
cranioventral aspect of the joint capsule adjacent to the humeral head (Meers 2003). The 
M. coracobrachialis brevis dorsalis originates from a fleshy attachment on the 
dorsolateral crainal scapula, ventral to the acromion and inserts as a fleshy attachment 
along the caudoventral surface of the deltopectoral crest. Dilkes (1999) depicts the origin 
for the M. coracobrachialis longus (or cauldalis in birds) to be just caudal to the origin of 
the brevis in turtles, Sphenodon, and lepidosaurs, however in birds he placed the origin at 
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the ventrolateral end of the coracoid. He reports the insertion of this muscle is located 
proximally on the anterior surface of the humerus (Dilkes 1999). 
 Dreadnoughtus exhibits osteological correlates for the M. coracobrachialis brevis 
ventralis. The origin of this muscle corresponds to a region of small striations on the 
anteroventral lateral face of the coracoid, just distal to the coracoid foramen (Figure 2.2). 
In Opisthocoelicaudia (Borsuk-Bialynicka 1977) and Saturnalia (Langer et al. 2007), the 
origin of this muscle is reconstructed across the same general region as in 
Dreadnoughtus, but over a greater extent dorsally in the former.  
 On the proximomedial side of the anterior face of the humerus of Dreadnoughtus 
there is a ridge of bone bearing large, deep striations. Proximomedialy to this ridge of 
bone is an additional small patch of striations parallel to those on the ridge (Figure 2.5). 
These osteological correlates are consistent with the placement of insertion of the M. 
coracobrachialis brevis ventralis in numerous titanosaurians, though it is often reported as 
simply the M. coracobrachialis (e.g., in Opisthocoelicaudia, Saltasaurus, Neuquensaurus, 
Elaltitan, and Notocolossus [Borsuk-Bialynicka 1977; Powell 2003; Otero 2010; 
Mannion and Otero 2012; González Riga et al. 2016]). These taxa, as well as 
Gondwanatitan and Paralititan (Kellner and Azevedo 1999; Smith et al. 2001), possess a 
proximolaterally-distomedially oriented shelf within a fossa on the anterior face of the 
proximal humerus, as in Dreadnoughtus, representing an osteological correlate for the 
insertion of this muscle. Only Langer et al. (2007) term the muscle inserting at this 
location to be for the M. coracobrachialis brevis ventralis. Of the taxa possessing a shelf 
for the insertion of this muscle, only Dreadnoughtus, Opisthocoelicaudia (Borsuk-
Bialynicka 1977), and Saturnalia (Langer et al. 2007) have been reported to possess 
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discernible osteological correlates on this shelf. The humeri of Diamantinasaurus exhibit 
a modified shelf in the form of a more ventrally located, "strongly curving ridge", which 
Poropat et al. (2015, p.1006) assign to the attachment of the M. coracobrachialis brevis. 
A depression for muscular attachment is reported at this location in Malawisaurus 
(Gomani 2005) and Atacamatitan (Kellner et al. 2011), probably again corresponding to 
the same insertion.  
 Mm. subscapularis and subcoracoideus – As in the number of divisions of the 
Mm. coracobrachialis, it is equivocal if both the Mm. subscapularis and subcoracoideus 
were present in non-avian dinosaurs (based on EPB taxa, Dilkes 1999). All reptilian taxa 
investigated are reported to have the M. subscapularis part (Dilkes 1999; Meers 2003) but 
Sphenodon, Iguana, and most birds additionally have the M. subcoracoideus. The M. 
subscapularis originates on the medial side of the scapula in all taxa except Sphenodon 
where the attachment is on the posterior margin of the scapula (Dilkes 1999; Meers 
2003). Instead, the M. subcoracoideus originates from the medial side of the coracoid 
(Dilkes 1999). Both divisions (when present) insert via a joined tendon onto the 
proximomedial humerus in all taxa (Dilkes 1999). Meers (2003) reports this insertion to 
be "on the medial protruberance of the humerus via the joint capsule" whereas Dilkes 
(1999) describes the insertion to be slightly more distal. 
 Since the M. subscapularis is present in all EPB taxa studied, it would likely be 
present in dinosaurs as well. It is unknown if the M. subcoracoideus was present and 
since Dreadnoughtus does not have any osteological correlates that can solely be 
attributed to this muscle (surface disruption on the medial surface of the coracoid 
impedes identification of any textured region and the joint insertion), it was not 
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reconstructed. Dreadnoughtus shares a striated, raised knob on the medial side of the 
scapula (Figure 2.3; Ullmann and Lacovara, in press) for attachment of the M. 
subscapularis with several derived titanosaurians (Pitekunsaurus, Aeolosaurus, 
Lirainosaurus, Neuquensaurus, Paralititan, Saltasaurus; Filippi and Garrido 2004; 
Ullmann and Lacovara, in press) and a "low, rough eminence" is present here in the 
diplodocoid Suuwassea (Harris 2007, p.502). Opisthocoelicaudia lacks any raised 
features on the medial side of the scapula, and instead exhibits a triangular concavity 
spanning this region for the M. subscapularis (M. subcoracoscapularis of Borsuk-
Bialynicka 1977). In Saturnalia, Langer et al. (2007) reconstruct this attachment more 
distally on the dorsal side of the scapular blade.  
 Just distal to the dorsally facing medial corner of the proximal humerus is a region 
of striations in Dreadnoughtus, which could correlate to the insertion of the M. 
subscapularis (Figure 2.3). This area also potentially encompasses the insertion of the M. 
scapulohumeralis posterior (see below). As a result of anteroposterior taphonomic 
deformation, this region of bone faces anteromedially; it likely would have faced more 
medially in life. Borsuk-Bialynicka (1977) reconstructs the insertion of the M. 
subscapularis (as the M. subcoracoscapularis) on the medial dorsal surface of the 
humerus, alike the condition in crocodilians (Meers 2003). It is also possible this 
insertion may have been located more distally on the medial side of the proximal 
humerus, as reconstructed in Saturnalia (Langer et al. 2007).  
 M. scapulohumeralis anterior – The M. scapulohumeralis anterior is absent in 
turtles and crocodilians (Dilkes 1999; Meers 2003) but present in lepidosaurs and birds 
(Dilkes 1999). Therefore, its presence in dinosaurs is equivocal, but it is possible that 
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crocodilians lost this, as they are derived forms of the basal archosaurian condition 
(Sereno 1991; Brusatte et al. 2010). In lepidosaurs and most birds this muscle attaches to 
the lateral side of the proximal scapula. It inserts onto the posterior and/or posterolateral 
side of the humerus (Dilkes 1999). 
 If the M. scapulohumeralis anterior was present in Dreadnoughtus, it likely would 
have originated on the lateral face of the proximal part of scapula between the glenoid 
and the acromion. There is a low swelling with small, faint, radiating directional pitting 
within the posterior portion of this broad fossa, paralleling the acromial ridge, which 
likely corresponds to the M. scapulohumeralis anterior (Figure 2.2). Borsuk-Bialynicka 
(1977) also reconstructs this origin in a concavity on the lateral scapula, just proximal to 
the acromial ridge, in Opisthocoelicaudia. Otero (2010) reconstructs the M. deltoides 
scapularis at this location in Neuquensaurus and suggests it is equivalent with the M. 
scapulohumeralis anterior as reported by Boruk-Bialynicka (1977). EPB comparisons 
agree the M. scapulohumeralis anterior likely originates in this fossa in dinosaurs; 
therefore, the M. deltoides scapularis of Otero (2010) should be the M. scapulohumeralis 
anterior. In Saturnalia, the M. scapulohumeralis anterior is reconstructed as originating 
on the acromial ridge with the M. deltoideus clavicularis instead of anterior to it (Langer 
et al. 2007). The humerus of Dreadnoughtus exhibits pitting on a prominent bulge 
projecting laterally along the posterolateral edge of the deltopectoral crest which likely 
corresponds to the insertion of the M. scapulohumeralis anterior (Figure 2.4). Mannion 
and Otero (2012) report the absence of this osteological correlate in Argyrosaurus. This 
location corresponds to the level of the apex on the anterior side of the deltopectoral 
crest. Borsuk-Bialynicka (1977) also reconstructs this muscle on the posterolateral side of 
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the deltopectoral crest in Opisthocoelicaudia. A rugosity is also described at this location 
in Lirainosaurus (Sanz et al. 1999), which may correspond to the M. scapulohumeralis 
anterior. Langer et al. (2007) reconstruct this muscle on the medial side of the posterior 
face of the proximal humerus in Saturnalia, which is not supported by EPB comparisons. 
Differing development of an osteological correlate for this muscle suggests differing 
levels of applied stress, which could suggest functional differences among titanosaurians. 
 M. scapulohumeralis posterior – Although not present in turtles, the M. 
scapulohumeralis posterior is present in all other EPB taxa investigated (Dilkes 1999; 
Meers 2003). This muscle originates on the lateral face of the scapula in Sphenodon, 
approximately where the acromium and the scapular blade meet. This attachment site is 
just distal to the origin of the scapular head of the Mm. triceps. In neognaths, the origin of 
this muscle is also on the lateral face of the scapular blade but instead attaches at the 
distal end of the scapular blade with the Mm. serratus superficials and subscapularis 
attaching more proximally. In contract, the M. scapulohumeralis posterior originates from 
the posteroventral edge of the scapula in Iguana, just posterior to the glenoid and 
proximal to the scapular head of the Mm. triceps (Dilkes 1999). Likewise in crocodilians, 
the M. scapulohumeralis posterior attaches to the scapula along the posterovental edge 
from the point where the acromium and scapular blade meet and continues distally along 
this margin of the blade. However in crocodilians, this muscle is located between the 
origin of the scapular head of the Mm. triceps proximally and the M. serratus superficials 
distally (Meers 2003). The insertion of the M. scapulohumeralis posterior in all EPB taxa 
is on the posterior and posteromedial side of the proximal humerus (Dilkes 1999; Meers 
2003).  
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 Despite general consensus of the location of the origin of the M. scapulohumeralis 
posterior in EPB taxa, the anatomy of the Dreadnoughtus scapula brings to light the 
importance of the subtle differences. In general, this muscle was likely present in 
Dreadnoughtus along the posteroventral margin of the scapular blade. There are faint 
striations along the middle to distal end of the posteroventral margin of the scapular blade 
that may represent an osteological correlate for a muscle. This osteological correlate 
could represent the attachment for the M. scapulohumeralis postrior and/or the M. 
serratus superficials. Therefore, these muscles could be adjacent over this attachment area 
or represent the attachment of only one of them. If Dreadnoughtus is assumed to have a 
more avian myological arrangement, then the M. scapulohumeralis posterior would likely 
attach at the distal end of this region, either solo or with the M. serratus superficialis 
attaching more proximally. The M. scapulohumeralis posterior would be hypothesized to 
attach more proximally than the M. serratus superficialis in Dreadnoughtus if a 
crocodilian or Sphenodon like myological arrangement was predicted. This would also 
place the attachment of the M. scapulohumeralis posterior distal to the attachment of the 
scapular head of the Mm. triceps, which is the condition in all EPB taxa examined except 
Iguana in which the M. scapulohumeralis posterior inserts just distal to the glenoid and 
proximal to the scapular head of the Mm. triceps. Additionally if the M. scapulohumeralis 
posterior attaches more proximally it may have attached to the caudoventral process 
(Ullmann and Lacovara in press). 
 Thus far, the M. serratus superficails, the scapular head of the Mm. triceps, and 
the M. scapulohumeralis posterior have been listed as possible muscles to correspond to 
the striations on the caudoventral process of the scapula. As this process is turned 
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medially and the striations are directed primarily medially it is less likely for the M. 
serratus superficials attached here as it originates from the lateral sides of the ribs. As the 
scapular head of the Mm. triceps attaches just distal to the glenoid in birds and 
crocodilians it is a more likely this muscle attached on the supraglenoid buttress in 
Dreadnoughtus. In Sphenodon, crocodilians, and ratites the M. scapulohumeralis 
posterior attaches between the scapular head of the Mm. triceps and the M. serratus 
superficialis. Thus, it is most likely the M. scapulohumeralis posterior attached on the 
caudoventral process of the scapula (Figure 2.3). This process is attributed to the site of 
attachment of an unspecified muscle in Diamantinasaurus (Poropat et al. 2015), which is 
probably an osteological correlate for the M. scapulohumeralis posterior. Although some 
titanosaurians lack this process (e.g., Lirainosaurus; Díez Díaz et al. 2013a), this muscle 
probably still attached in this general location. Similarly, in the sauropodomorph 
Saturnalia this muscle is reconstructed to originate from the medial side of the scapular 
blade (Langer et al. 2007). The vertical orientation of the humerus in sauropods would 
result in this muscle functioning as an adductor. Wide-gauge posture would likely 
increase the importance of the adductor musculature to counteract added torque on the 
shoulder joint. It is possible that the M. scapulohumeralis posterior applied more force 
and consequently more stress to the caudoventral process, which would result in more 
strain and deformation to the caudoventral process (thus the medially directed striations). 
In some derived tianosaurians with more developed wide-gauge posture, there are 
multiple processes at this location. But Mannion et al. (2013) report these features 
sporadical throughout Titanosauriformes so this hypothesis can't be confirmed.  
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 The insertion of the M. scapulohumeralis posterior in Dreadnoughtus may have 
been on the medial side of the proximal humerus where striations are present, adjacent to 
the scar for the M. subscapularis (Figure 2.3). Taphonomic deformation has turned this 
location to face anteromedially. In Opisthocoelicaudia and Saturnalia, this muscle is 
reconstructed to insert on the medial side of the humeral head just distal to the M. 
subscapularis (M. subcoracoscapularis sensu Borsuk-Bialynicka 1977; Langer et al. 
2007).  
 M. pectoralis – In extant archosaurs the M. pectoralis originates on the sternum 
and variable on the nearby ribs. The insertion of this muscle is on the ventral side of the 
deltopectoral crest of the humerus in crocodilians and birds (Dilkes 1999; Meers 2003; 
Jasinoski et al. 2006). Two or three division of this muscle are present in these taxa 
(Meers 2003; Jasinoski et al. 2006). 
 In Dreadnoughtus the M. pectoralis likely originated at least from the ventral side 
of the sternum. The surface of the right sternal plate of Dreadnoughtus (MPM-PV 1156-
46) is too disrupted from taphonomic deformation and preparation to discern any 
potential osteological correlates. In contrast, the surface of the left sternal plate (MPM-
PV 1156-45) is mostly smooth with few radiating striations from near the anterolateral 
ridge. The origin of the M. pectoralis is also reconstructed at this location in 
Opisthocoelicaudia and Neuquensaurus, although in the former this surface was reported 
as smooth and in the latter a crest in this region was reported as the origin location 
(Borsuk-Bialynicka 1977; Otero 2010). Although greater development of osteological 
correlates is often associated with increased stress, no phylogenetic, size, or wide-gauge 
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trend can adequately explain (at this time) the varying development of this osteological 
correlate in these taxa. Perhaps investigation of more taxa may elucidate this answer. 
 EPB analysis supports insertion of the M. pectoralis on the humerus of 
Dreadnoughtus along the ventral portion of the deltopectoral crest, starting at the apex 
and continuing laterally to the posterolateral bulge. This area exhibits directional pitting, 
indicative of muscle attachment (Figure 2.5). The M. pectoralis has also been 
reconstructed on the deltopectoral crest in Opisthocoelicaudia, Neuquensaurus, and 
Notocolossus. In Opisthocoelicaudia, the insertion is reconstructed more proximally, but 
that location more likely corresponded to the insertion of the M. supracoracoideus (see 
above). In Neuquensaurus and Notocolossus, the insertion of the M. pectoralis was 
described as generally on the deltopectoral crest (Otero 2010; González Riga et al. 2016), 
but more specifically this muscle likely attached between its anterior apex and lateral 
bulge. Langer et al. (2007) reconstruct this muscle anteromedially on the deltopectoral 
crest in Saturnalia. In Lirainosaurus, this muscle is reconstructed with its insertion on the 
posterior side of the proximal humerus (Sanz et al. 1999); however, EPB comparisons do 
not support this attachment location.  
 
2.4.1.3 Brachium to Distal 
 Mm. triceps – The number of divisions of the Mm. triceps in dinosaurs is 
equivical. Turtles have two Mm. triceps heads, Sphenodon has four, crocodilians have 
four (see disscusion in Jasinoski et al. 2006) or five (Meers 2003), and there are two or 
three in birds (Dilkes 1999). All species have at least a scapular and a humeral head of 
the Mm. triceps. This muscle in crocodilians (Meers 2003; Jasinoski et al. 2006) and 
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Sphenodon has an additional humeral head and a head originating from the coracoid 
(Dilkes 1999). Crocodilians potentially have a third humeral head of this muscle (Dilkes 
1999; Meers 2003). Instead birds have a scapular, humeral, and occasionally a coracoid 
head of the Mm. triceps (Dilkes 1999; Jasinoski et al. 2006). This muscle inserts on the 
olecranon process in all taxa investigated (Dilkes 1999; Meers 2003). 
 It is likely that in dinosaurs at least a scapular and humeral head of the Mm. 
triceps was present. Dreadnoughtus has two areas (proximolateral and proximomedial) 
on the posterior side of the humerus exhibiting small striations that could be osteological 
correlates for two humeral origins of the Mm. triceps (Figure 2.4). There are also two 
depressions on the posterior side of the proximal humerus in Neuquensaurus that are 
probable origins of this muscle (M. anconeus sensu Otero 2010). A ridge on the posterior 
side of the humerus in Diamantinasaurus (Poropat et al. 2015) and Opisthocoelicaudia 
(Borsuk-Bialynicka 1977) may divide two similarly-positioned depressions, also for 
attachment of the Mm. triceps.  
 If there were two heads of the Mm. triceps originating from the humerus of 
Dreadnoughtus, EPB comparisons would support the presence of an additional head 
originating from the coracoid. The coracoid of Dreadnoughtus exhibits few areas for 
potential osteological correlates and there is no clear indication of an additional head 
originating on it. It is possible that a head of the Mm. triceps attached to the coracoid but 
did not leave an osteological correlate. In Saturnalia, there is an oval pit on the medial 
side of the coracoid that is suggested to correspond to the coracoidal head of the Mm. 
triceps (Langer et al. 2007). However, because a coracoidal head is variably present in 
birds (Dilkes 1999; Jasinoski et al. 2006), it may also be possible that sauropods lost this 
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head of the Mm. triceps and the osteological correlate in Saturnalia corresponds to 
another structure.  
 The scapular head of the Mm. triceps has been proposed to originate from the 
ventral end of the supraglenoid buttress of the scapula in other titanosaurians (Borsuk-
Bialynicka 1977; Poropat et al. 2015) and slightly more distally on the supraglenoid 
buttress in the sauropodomorph Saturnalia (Langer et al. 2007). The location in 
Saturnalia is more distal than is commonly reconstructed in dinosaurs (cf. Borsuk-
Bialynicka 1977; Dilkes 1999; Jasinoski et al. 2006; Maidment and Barrett 2011; Poropat 
et al. 2015). Diamantinasaurus (Poropat et al. 2015) and Dreadnoughtus do not exhibit 
any indication of an osteological correlate at this location; therefore the origin of the 
scapular head of the Mm. triceps might have migrated to the caudoventral process 
(present in both taxa). However, though medially directed striations on the caudoventral 
process could pertain to the Mm. triceps, the M. scapulohumeralis posterior more likely 
attached on this process (see discussion above). According to EPB comparisons, the Mm. 
triceps originated just distal to the glenoid; thus it is more likely that this muscle 
originated on the supraglenoid buttress in Dreadnoughtus (Figure 2.2). Therefore, 
Dreadnoughtus is only reconstructed with two humeral heads and a scapular head of the 
Mm. triceps based on preserved osteological correlates at EPB-supported locations. 
Based on its described similarities to Dreadnoughtus, Diamantinasaurus is predicted to 
have had a similar condition.  
 The olecranon process of the ulna preserves striations in Dreadnoughtus likely for 
the insertion of the Mm. triceps (Figure 2.4). These striations are most visible on the 
posterolateral side of the olecranon process, although this may be a result of taphonomic 
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deformation to the medial side., The insertion of this muscle is also reconstructed 
posteriorly on the olecranon process in Opisthocoelicaudia, Saturnalia, and 
Neuquensaurus (Bosuk-Bialynicka 1977; Langer et al. 2007; M. anconeus sensu Otero 
2010).  
 M. biceps brachii – The origin of the M. biceps brachii in crocodilians and ratties 
is the lateral face of the coracoid (Dilkes 1999; Meers 2003; Jasinoski et al. 2006). 
Neognaths have an additional branch arising from the ventral surface of the proximal 
humerus (Dilkes 1999, Jasinoski et al. 2006). Meers (2003) and Jasinoski et al. (2006) 
report in crocodilians the M. biceps inserts only on the posterior of the proximal radius 
whereas Dilkes (1999) suggests the insertion splits to attach to the proximal radius and 
ulna. Crocodilians and lepidosaurs have a combined insertion of the M. biceps brachii 
and the M. brachialis inferior (Dilkes 1999; Meers 2003; Jasinoski et al. 2006). In ratites 
the M. biceps inserts only on the radius, but on the radius and ulna in neognaths (Dilkes 
1999, Jasinoski et al. 2006). Therefore, the insertion of this muscle on the ulna is 
equivocal. 
 On the lateral face of the coracoid of Dreadnoughtus is a dorsoventral ridge of 
bone that divides the coracoid approximately in half, extending ventrally from the dorsal 
margin. The dorsal portion of this ridge of bone exhibits a pitted texture and is likely an 
osteological correlate for the origin of the M. biceps brachii (Figure 2.2). The origin of 
this muscle is also reconstructed at this location in Opisthocoelicaudia (Borsuk-
Bialynicka 1977). Otero (2010) also reported a faint ridge perpendicular to the dorsal 
margin of the coracoid in Neuquensaurus, which he states might represent the origin of 
the M. coracobrachialis. Huene (1929) Additionally attributed this ridge in 
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Neuquensaurus (then Titanosaurus) to pectoral musculature; based on EPB comparisons, 
this ridge likely corresponded to the origin of the M. biceps. Rapetosaurus (Curry Rogers 
2009) and the diplodocoid Suuwassea (Harris 2007) also exhibit a similar dorsoventral 
ridge on the coracoid that likely corresponds to the origin of this muscle. In contrast, 
most titanosaurians (e.g., Diamantinasaurus; Poropat et al. 2015) do not have a ridge or 
tuberosity on the lateral coracoid. Greater development of the origin of the M. biceps into 
a ridge may indicate greater stress applied by this muscle, which may have resulted in 
more remodeling. Langer et al. (2007) reconstruct the M. biceps origin more 
anteroventrally on the coracoid of the sauropodomorph Saturnalia. 
 Although the insertion of the M. biceps brachii on the ulna is equivocal, there was 
likely an attachment on the proximal radius. Preserved on the medial face of the proximal 
radius of Dreadnoughtus is a concavity of which at least a portion was likely the 
attachment for the insertion of the M. biceps (Figure 2.3). Here, near the anterior portion 
of the proximal border of the radius and on the anterior side of this medial concavity, 
striations are preserved. If Dreadnoughtus had an insertion on the ulna for the M. biceps, 
it either did not leave an osteological correlate or attached distal to the radial insertion on 
a deeply striated tuberosity. Although this tuberosity is positioned more distally than the 
radial insertion, an ulnar insertion of the M. biceps is tentatively reconstructed here in 
Dreadnoughtus because this location is directly posterodistal to the M. biceps insertion 
on the radius. Langer et al. (2007) reconstruct the insertion of this muscle on both the 
ulna (at the same location as in Dreadnoughtus) and radius (at a similar location but more 
distally than in Dreadnoughtus) of Saturnalia. In contrast, Borsuk-Bialynicka (1977) 
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reconstructs this muscle as only inserting on the radius in Opisthocoelicaudia, and she 
suggests the ulnar insertion may have been lost when the elbow turned posteriorly.  
 M. brachialis inferior – The M. brachialis inferior originates from the ventral side 
of the humerus in all EPB taxa (Dilkes 1999; Meers 2003; Jasinoski et al. 2006). 
Specifically in crocodilians, this muscle begins its origin just distal to the apex of the 
deltopectoral crest (Meers 2003; Jasinoski et al. 2006) and, as in lepidosaurs, inserts with 
the M. biceps brachii (Dilkes 1999; Meers 2003; Jasinoski et al. 2006). In birds the M. 
brachilais originates from distally on the ventral side of the humerus and inserts on the 
proximal side of the ulna (Dilkes 1999; Jasinoski et al. 2006). 
 The attachment locations for the M. brachialis inferior are equivocal but the 
muscle was likely present in dinosaurs. There is no fossa between the distal condyles of 
the humerus of Dreadnoughtus for an avian-like origin. Instead, just distal to the apex of 
the deltopectoral crest on the humerus of Dreadnoughtus is a sub-oval area of pitted 
texture, which could correspond to the origin of the M. brachialis (Figure 2.5). If this 
muscle attached here, it is possible that only the dorsal portion of the attachment left an 
osteological correlate and this muscle continued to attach more distally along the shaft as 
seen in reptiles. Since the origin of this muscle supports the reptilian condition, the 
insertion in Dreadnoughtus is also reconstructed to follow the reptilian condition and 
insert with the M. biceps brachii anteriorly on the medial side of the proximal radius 
where the bone exhibits striations (Figure 2.3). Similarly, in Opisthocoelicaudia the M. 
brachialis inferior is reconstructed as originating distal to the apex of the deltopectoral 
crest and inserting with the M. biceps brachii at a similar location to that in 
Dreadnoughtus. 
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 M. humeroradialis – Present in crocodilians, the M. humeroradialis has no 
definitive homologue in birds. It is present in Sphenodon but only developmentally in 
squamates (Jasinoski et al. 2006). In crocodilians this muscle originates on the 
crainodorsal side of the humerus, distal to the deltopectoral crest and inserts on a 
tuberosity, proximal on the anterior surface of the radius (Meers 2003; Jasinoski et al. 
2006).  
 Even though the presence of this muscle in dinosaurs is equivocal, 
Dreadnoughtus preserves what are likely osteological correlates of its origin and 
insertion and thus, it is reconstructed. Posterodistally to the ventral end of the 
deltopectoral crest on the lateral side of the humerus of Dreadnoughtus is a slightly raised 
and striated area, which likely corresponds to the origin of the M. humeroradialis (Figure 
2.2). This location is in keeping with the close association of this muscle and the M. 
brachialis inferior. The insertion of the M. humeroradialis likely corresponds to a ridge 
with pitted texture on the anteromedial face of the radius (Figure 2.5), just anterodistally 
from the combined insertion of the M. biceps brachii and M. brachialis inferior. M. 
humeroradialis has also previously been reconstructed in other saurischians based on the 
presence of potentially corresponding osteological correlates (e.g., in maniraptorans 
[Jasinoski et al. 2006] and a sauropodomorph [Langer et al. 2007]).  
 M. extensor carpi radialis – It is agreed that the M. extensor carpi radialis 
originates from the humerus on the cranial epicondyle in crocodilians (Dilkes 1999, fig. 
8; M. extensor carpi radialis longus sensu Meers 2003) and lateral epicondyle in birds 
(Dilkes 1999, fig. 8). Meers ( 2003) also describes the Mm. extensor carpi radialis brevis 
par radialis and par ulnaris as originating from the radius and ulna, respectively, and all 
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three parts inserting on the proximal surface of the radial. In contrast, Dilkes (1999) 
suggest all three heads originate on the humerus and divide their insertions between the 
radius and/or radiale. Abdala and Diogo (2010, and references therein) support the 
condition suggested by Dilkes (1999).  
 Therefore, in Dreadnoughtus, the M. extensor carpi radialis is reconstructed with 
its origin on the humerus only. Striations are present on the lateral epicondyle, 
approximately 25 cm above the articular surface of the lateral condyle of the humerus, 
which likely correspond to this muscle (Figure 2.2). Borsuk-Bialynicka (1977) also 
reconstructs this muscle on the lateral epicondyle of the humerus in Opisthocoelicaudia, 
proximal to the M. extensor digitorum communis and anterior to the M. extensor carpi 
ulnaris. In Saturnalia, this origin is also reconstructed on the lateral epicondyle (Langer 
et al. 2007). A prominent ovoid ridge on the lateral epicondyle of Suuwassea (Harris 
2007) is encompassed by striations and is therefore likely an osteological correlate; 
however, without separate osteological correlates it is difficult to say exactly to which 
extensor muscle these striations may pertain (M. extensor digitorum communis, M. 
extensor carpi ulnaris, or M. extensor carpi radialis). 
  No titanosaurian is known to preserve ossified carpals. It is likely that this muscle 
did not insert there in Dreadnoughtus. The radius of Dreadnoughtus does not preserve 
any apparent osteological correlate for the M. extensor carpi radialis. Langer et al. (2007) 
reconstruct the insertion of this muscle craniolaterally on the distal radius in the 
sauropodomorph Saturnalia tupiniquim. Conversely in Opisthocoelicaudia, this muscle is 
reconstructed with its insertion on metacarpal I and possibly metacarpal II (Borsuk-
Bialynicka 1977). Curry Rogers (2009) also reconstructs the origin of this muscle on 
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metacarpal I. It is possible that this muscle did not leave an osteological correlate on the 
radius of Dreadnoughtus at its insertion or it may have inserted more distally in the 
forelimb on elements not preserved. Thus, the insertion of the M. extensor carpi radialis 
is not reconstructed in Dreadnoughtus. 
 M. extensor carpi ulnaris – The M. extensor carpi ulnaris is present in both 
crocodilians (Dilkes 1999; Meers 2003) and birds (except Apterx; Dilkes 1999). It 
originates from the cranial epicondyle in crocodilians, distal to the M. extensor carpi 
radialis (Dilkes 1999, fig. 8; Meers 2003) and posterior to the M. extensor digitorum 
communis (Dilkes 1999, fig. 8). Dilkes (1999) reports this muscle to insert onto the distal 
ulna and carpal bones in crocodilians, Sphenodon, and turtles, while Meers (2003) reports 
the insertion as only onto metacapal II. According to Dilkes (1999), in birds this muscle 
originates from the humerus and additionally from the proximal ulna and inserts on the 
carpometacarpus.  
 The humerus of Dreadnoughtus preserves striations (visible through the minor 
surface disruption at this location) on the posterolateral distal corner, which likely 
correspond to the origin of the M. extensor carpi ulnaris (Figure 2.2). This area is 
demarcated from the probable origin of the M. extensor digitorum communis by a ridge 
of bone, but this is likely an artifact of taphonomic deformation. In Saturnalia, the origin 
of this muscle is reconstructed at the same location as in Dreadnoughtus, but Langer et 
al. (2007) do not differentiate it from the M. extensor digitorum communis. As mentioned 
above, the lateral epicondyle of the humerus of Suuwassea exhibits a striated ridge 
(Harris 2007), which may correspond to the origin of this muscle. There are fewer 
striations present at this location in Suuwassea, but this may be due to lack of surface 
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preservation (pers. obs.). In addition to an origin on the posterior side of the lateral 
epicondyle of the humerus, Borsuk-Bialynicka (1977) reconstructs the M. extensor carpi 
ulnaris as having an attachment laterally on the posterior face of the distal ulna in 
Opisthocoelicaudia. This agrees with the observation by Dilkes (1999) that this muscle 
has an additional origin laterally on the distal ulna in crocodilians, Sphenodon, and 
turtles. The ulna of Dreadnoughtus preserves a raised, distinct, pitted area at this location 
(2.3). Since this location is on the distal ulna, it is reconstructed as an insertion of the M. 
extensor carpi ulnaris (as opposed to the proximal additional origin present in birds; 
Dilkes 1999) following Borsuk-Bialyinicka (1977). As mentioned above, no known 
titanosaurians preserve ossified carpals and thus, this muscle likely did not insert on 
them. If this muscle remained in titanosaurians, it likely shifted its insertion either distally 
to the metacarpals (Borsuk-Bialynicka [1977] also reconstructs the M. extensor carpi 
ulnaris to have an insertion on metacarpal V) or more proximally on the ulna. 
 M. flexor carpi ulnaris – In crocodilians (Dilkes 1999, fig. 8; Meers 2003) and 
birds (Dilkes 1999, fig. 8), the M. flexor carpi ulnaris originates from posteriorly on the 
caudal or medial epicondyle, respectively, of the humerus. The insertion of this muscle in 
crocodilians is on the carpus (Dilkes 1999; Meers 2003) and neognath birds (Dilkes 
1999). Instead in Apteryx, this muscle attaches to ventral surface of the ulna and the 
carpometacarpus (Dilkes 1999). Since titanosaurs are not know to preserve ossified 
carpals, it is likely the insertion of this muscle has shifted proximally to the ulna as in 
Apteryx or distally to the metacarpals.  
 Striations are visible posteriorly on the medial epicondyle of the humerus of 
Dreadnoughtus (Figure 2.3). This osteological correlate likely relates to the origin of the 
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M. flexor carpi ulnaris, in agreement with reconstructions of this attachment in 
Opisthocoelicaudia and Saturnalia (Borsuk-Bialynicka 1977; Langer et al. 2007). In 
Opisthocoelicaudia an additional origin of this muscle is reconstructed from the medial 
face of the proximal ulna that is suggested to join with that from the medial epicondyle of 
the humerus (Borsuk-Bialynicka 1977). Conversely, in Saturnalia, this muscle is 
reconstructed with an insertion at this location (Langer et al. 2007). This portion of the 
ulna of Dreadnoughtus has been crushed and prevents identification of osteological 
correlates. No metacarpals are preserved and there are no known osteological correlates 
for the insertion of the M. flexor carpi ulnaris on the ulna of Dreadnoughtus, therefore, it 
is not reconstructed. 
 M. flexor carpi radialis – The M. flexor carpi radialis (M. pronator superficialis of 
birds) is reported by Dilkes (1999) to be present as two heads originating from the caudal 
epicondyle of the humerus and inserting on the radius or radiale in extant archosaurs. 
According to Abdala and Diogo (2010, and references therein), this muscle and the M. 
pronator teres are often mistaken for two parts of the same muscle as a result of their 
close association. The M. pronator teres usually inserts more proximally on the radius 
than the M. flexor carpi radialis (Abdala and Diogo 2010). Therefore, Abdala and Diogo 
(2010) suggest the M. flexor carpi radialis of Dilkes (1999; and references there in) is 
actually both the Mm. flexor carpi radialis and pronator teres. 
 The anterior face of the medial condyle of the humerus of Dreadnoughtus does 
not preserve quality surface texture, preventing the identification of osteological 
correlates. As a result, the exact location of the M. flexor carpi radialis origin cannot be 
determined but this muscle likely attached at this location as it does in extant archosaurs. 
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Therefore it is tentatively reconstructed as originating from the anterior face of medial 
epicondyle from the same region as the M. pronator teres (discussed below; Figure 2.3). 
The radius of Dreadnoughtus does not exhibit a distinct osteological correlate distal to 
the probably location of the M. pronator teres (discussed below) on its medial face. 
Instead this region of the radius exhibits a smooth texture. In Opisthocoelicaudia, 
Borsuk-Bialynicka (1977) identifies the insertion of the M. flexor carpi radialis as 
anteriorly on the medial face of the distal radius. Dreadnoughtus does not preserve an 
osteological correlate at this location and thus, the insertion of the M. flexor carpi radialis 
is not reconstructed. 
 M. pronator teres – As mentioned above, the M. flexor carpi radialis of Dilkes 
(1999) likely corresponds to both the Mm. flexor carpi radialis and pronator teres (Abdala 
and Diogo 2010). Alike the M. flexor carpi radialis, the M. pronator teres has similar 
attachments for crocodilians (Meers 2003) and birds (origin from medial epicondyle of 
the humerus and inserting on the medial radius; Dilkes 1999; Abdala and Diogo 2010). 
Generally the insertion of the M. pronator teres is more proximal on the radius than that 
of the M. flexor carpi radials (Abdala and Diogo 2010).  
 The Mm. pronator teres and flexor capri radialis both would have originated from 
the medial epicondyle of the humerus and as mentioned above, this region does not 
preserve any osteological correlates in Dreadnoughtus (Figure 2.3). EPB suggests these 
muscles probably attached at this location in dinosaurs, as such, their combined possible 
area of origin is tentatively reconstructed even though within this area their specific 
attachment is unknown in Dreadnoughtus. On the radius of Dreadnoughtus there is a 
broadly rounded ridge running distally from the anteromedial corner of the proximal end. 
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The M. humeroradialis insertion is located on the anterior side of this ridge. Striations are 
also preserved approximately the same distance from the proximal end on the 
posteromedial side of this ridge, likely representing an osteological correlate for the 
insertion of the M. pronator teres (Figure 2.3). Although the surface is slightly disrupted 
proximal to this area, it is probable this muscle attached more proximally as well. 
Borsuk-Bialynicka (1977) also reconstructs this muscle proximally along a medial crest 
on the radius of Opisthocoelicaudia. In Neuquensaurus, this muscle is reconstructed 
more distally on a ridge medial to the interosseous ridge (Otero 2010). 
 M. extensor digitorum communis – Distal to the origin of the M. extensor carpi 
radialis and anterior to the origin of the M. extensor carpi ulnaris, the M. extensor 
digitorum communis originates from the cranial epicondyle of crocodilians and the lateral 
epicondyle of birds (M. extensor digitorum longus sensu Dilkes 1999, fig. 8). This 
muscle inserts on the metacarpals of crocodilians and the carpometacarpus of birds 
(Dilkes 1999). At the distal extent of the origin of the M. extensor carpi radialis on the 
lateral epicondyle of the humerus of Dreadnoughtus, the striations terminate and there is 
a relatively smooth ~5 cm of surface preserved before striations are again present (Figure 
2.2). Though these two patches could both belong to the M. extensor carpi radialis, the 
hiatus suggests two separate origins (of the Mm. extensor carpi radialis and extensor 
digitorum communis) could be preserved. The M. extensor digitiorum communis is 
reconstructed at this location in Opistocoelicaudia (Borsuk-Bialynicka 1977). In 
Saturnalia, Langer et al. (2006) do not differentiate the origin of the Mm. extensor carpi 
ulnaris and the extensor digitorum communis but places both distal to the M. extensor 
carpi radialis on the distal lateral epicondyle of the humerus. As before since no carpals 
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or metacarpals are preserved in Dreadnoughtus, the insertion of the M. extensor 
digitorum communis is not reconstructed. In Opisthocoelicaudia, the insertion of this 
muscle is reconstructed to attach to metacarpals III through V (Borsuk-Bialynicka 1977). 
 M. flexor digitorum communis – Dilkes (1999) Meers (2003) and Abdala and 
Diogo (2010) report the M. flexor digitorum communis (M. flexor digitorum longus 
sensu Meers 2003, and Abdala and Diogo 2010; palmaris communis sensu Dilkes 1999) 
has three heads in lepidosaurus and crocodilians originating from the humerus and ulna. 
It is possible birds only have two (Dilkes 1999; Abdala and Diogo 2010 and references 
therein) heads that originate on the ulna. In all EPB taxa, all heads join to split and attach 
variable to the phalanges or unguals (Dilkes 1999; Meers 2003; Abdala and Diogo 2010). 
 The anterior portion of the medial epicondyle of the humerus of Dreadnoughtus is 
not preserved well enough to identify osteological correlates and distinguish between the 
Mm. flexor carpi radialis, flexor digitorum communis, and pronator teres. It is likely that 
the humeral origin of the M. flexor digitorum communis attached somewhere here but 
without an osteological correlate it is not reconstructed. Langer et al. (2006) reconstruct 
the humeral origin anteriorly on the medial epicondyle of the humerus of Saturnalia. The 
distal ulna of Dreadnoughtus preserves a striated bulge medially on its anterior face. This 
osteological correlate likely corresponds to an ulnar origin of the M. flexor digitorum 
communis. Opisthocoelicaudia also exhibits a distinct, raised osteological correlate at 
this location for this muscle (Borsuk-Bialynicka 1977). Again, as there are no phalanges 
or manual unguals preserved in Dreadnoughtus, the insertion of this muscle is not 
reconstructed. 
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2.4.1.4 Antibrachium to Distal 
 M. pronator quadratus – Present in crocodilians (Meers 2003) and birds (Abdala 
and Diogo 2010), the pronator quadratus originates on the medial side of the ulna (the 
side facing the radius) and inserts on the posterior side of the radius. The anterior face of 
the ulna (the side facing the radius) of Dreadnoughtus exhibits periodic rough striations 
along a low ridge running proximodistally along the middle of the anterior face (Figure 
2.2). These striations are more pronounced at both the proximal and distal ends, where 
the areas of striation expand to cover wider, subtriangular regions. A corresponding ridge 
on the posterior edge of the radius (the interosseus ridge) exhibits slight texturing (Figure 
2.4). These may be the osteological correlates for the origin and insertion, respectively, of 
the M. pronator quadratus as they would face each other when articulated.  
 In several titanosaurians, the interosseus ridge on the radius has been reported as 
an attachment site for a muscle, membrane, and/or ligament (Borsuk-Bialynicka 1977; 
Curry Rogers 2009; Zaher et al. 2011; Poropat et al. 2015), and more than one of these 
structures may have attached here. EPB comparisons support attachment of at least a 
muscle. As in Dreadnoughtus, in Rapetosaurus (Curry Rogers 2009) this attachment is 
reconstructed along the majority of the length of the radius, and in Opisthocoelicaudia 
the majority of an anterior ridge on the ulna is also attributed to attachment of this muscle 
(Borsuk-Bialynicka 1977). There is also a ridge at this location on the radius of 
Argyrosaurus, which likely corresponds to this insertion (Mannion and Otero 2012). The 
origin of this muscle is reconstructed opposite this location on the ulna in Saturnalia, 
Rapetosaurus, Neuquensaurus, and Elaltitan (Langer et al. 2007; Curry Rogers 2009; 
Otero 2010; Mannion and Otero 2012). This muscle is not predicted to have been 
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involved significantly with pronation in sauropods as their zeugopodial morphology 
suggests limited capability for active pronation (Bonnan 2003). Thus, the M. pronator 
quadratus may have instead had a stabilizing function between the radius and ulna, as in 
crocodilians (Meers 2003). 
 M. transversus palmaris – The M. transversus palmaris (M. flexores brevis 
superficiales sensu Abdala and Diogo 2010) originates on the posteromedial aspect of the 
distal radius in crocodilians and inserts onto the ventrodistal surface of metacarpal V, P2 
or P3 of digit V (Meers 2003). According to Abdala and Diogo (2010), this muscle is 
consistently present in reptiles but the homologies in birds are currently unresolved. 
However, they suggest that it likely is present in birds (Abdala and Diogo 2010 and 
references therein). In Dreadnoughtus, the surface of the medial face of the distal radius 
is disrupted preventing determination of the presence of an osteological correlate. No 
metacarpals or phalanges are preserved of Dreadnoughtus to assess for an osteological 
correlate of the insertion of the M. transversus palmaris. This muscle is reported as a 
rugose bulge on the radius in the sauropodomorph Saturnalia (Langer et al. .2007). 
Therefore, it is possible the M. transversus palmaris was present in Dreadnoughtus, 
although it is not reconstructed, as exact attachment site information is lacking. A muscle 
scar is reported on the posteromedial surface of the distal radius in Rapetosaurus (Curry 
Rogers 2009) that may correspond to the origin of this muscle. 
 Osteological correlates with unknown affinities – There are two osteological 
correlates on the distal radius of Dreadnoughtus that could not be matched to 
corresponding muscles. The first is located medially on the anterior face. This region 
exhibits striations, suggesting it is an osteological correlate for a soft tissue attachment. 
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At this time, it is unknown if this area represents the attachment of a muscle (e.g., an 
additional head, a muscle not investigated in this study, or a migrated attachment for a 
muscle inferred not to have a visible osteological correlate) or a ligament. The second 
location is a subtriangular region occupying the majority of the posterior face of the distal 
radius. Entirely covered by deep striations, this region is clearly an osteological correlate 
for attachment of soft tissue that created significant stress, resulting in extensive 
remodeling. It is possible this area corresponds to the origin of the M. transversus 
palmaris that has migrated posteriorly as a result of the autapomorphic shape of the distal 
radius. However, this is unlikely as the smallest portion of this area is located just around 
the posteromedial edge from the reconstructed origin of the M. transversus palmaris. It is 
also possible this scar 1.) is a distal continuation of the M. pronator quadratus insertion, 
2.) corresponds to a muscle not investigated in this study, or 3.) represents a ligamentous 
attachment. Despite the well-developed nature of this osteological correlate, the attaching 
soft tissue remains uncertain. 
 
2.4.2 Hind Limb Musculature 
 Unlike the forelimb of Dreadnoughtus, multiple elements are known for many of 
the hind limb bones. Both the holotype (MPM-PV 1156) and paratype (MPM-PV 3546) 
individuals preserve nearly complete right and left pelvic girdles, with a total of four ilia, 
pubies, and ischia. A left femur is also preserved for each individual. In addition, the 
holotype preserves both a left and a right tibia (Lacovara et al. 2014). All of these bones 
preserve at least some osteological correlates, allowing for potential additional support 
for muscle attachment sites. 
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 2.4.2.1 Axial to Pelvic 
 M. iliocaudalis – The M. iliocaudalis originates on the lateral side of the posterior 
ilium in extant reptiles and birds (Arbour 2009; Persons IV and Currie 2011). This 
muscle inserted onto proximal caudal centra (Coombs 1979; Persons IV and Currie 
2011), proximal caudal transverse processes (Persons IV and Currie 2011), and/or haemal 
arches (Arbour 2009; Persons IV and Currie 2011) depending on proximodistal position 
within the tail. Dilkes (1999) reverses the origin and insertion as reported here and in the 
citations above. On the lateral side of the postacetabular lobe of the right ilium of the 
holotype of Dreadnoughtus (MPM-PV 1156-53), at about mid-height dorsoventrally, is 
an area exhibiting slight surface disruption and linear traces which may represent the 
remnants of an osteological correlate for this muscle (Figure 2.6). This region is not 
preserved on the other three recovered ilia. In Opisthocoelicaudia and Rapetosaurus, M. 
iliocaudalis is reconstructed in a similar location on the postacetabular lobe of the ilium 
(Borsuk-Bialynicka 1977; Curry Rogers 2009). 
 M. ischiocaudalis – Although Dilkes (1999) reverses the origin and insertion of 
the M. ischiocaudalis, his attachment sites agree with those of others (e.g., Arbour 2009; 
Persons IV and Currie 2011). In extant archosaurs, the origin of this muscle is from the 
distal ischium (Dilkes 1999; Arbour 2009) and its insertion would have been similar to 
that of the M. iliocaudalis (Arbour 2009; Persons IV and Currie 2011). Both preserved 
left ischia of Dreadnoughtus (MPM-PV 1156-56; MPM-PV 3546-19) exhibit striations 
on the lateral side of the distal blade near its distal end, just lateral to the origin of the M. 
puboischiofemoralis externus III, which likely correspond to the origin of the M. 
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ischiocaudalis (Figure 2.6). The right ischium of the paratype (MPM-PV 3546-20) may 
preserve a portion of this osteological correlate but it is difficult to be certain, as the 
distal-most part of the distal blade is not preserved. Similarly, the right ischium of the 
holotype (MPM-PV 1156-57) may also preserve a portion of this osteological correlate, 
but surface disruption makes it difficult to determine if the texturing is associated with 
muscle attachment. This is the first reconstruction of this muscle in sauropods. 
 
2.4.2.2 Pelvic to Distal 
 M. iliofemoralis – Although the M. iliofemoralis is present in extant archosaurs, 
crocodilians only have one division of this muscle and birds have several (Dilkes 1999; 
Carrano and Hutchinson 2002). Therefore, the number of divisions is equivocal in 
dinosaurs, but this muscle was likely present. Both the origin and insertion of this muscle 
are similar in these EPB taxa. The origin is from the lateral side of the ilium, just dorsal 
to the acetabulum and the insertion is on the lateral side of the trochanteric shelf, just 
beneath the greater trochanter (Dilkes 1999; Carrano and Hutchinson 2002). In 
crocodilians, the M.iliofemoralis insertion extends distally in between the origin of the 
Mm. femorotibialis internus and femorotibialis externus (Dilkes 1999, fig. 16D; Carrano 
and Hutchinson 2002; Otero and Vizcaíno 2008). 
 In Dreadnoughtus, the main lateral cavity of supracetabular portion of the ilia 
exhibit a smooth surface texture with no evidence of osteological correlates in MPM-PV 
1156-53, MPM-P MPM-PV 3546-28, and MPM-PV 3546-29. This region is not 
preserved in MPM-PV 1156-52. Regardless, the M. iliofemoralis likely originated from 
this area but is not reconstructed as data for exact placement is lacking. The holotype 
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femur (MPM-PV 1156-58) of Dreadnoughtus exhibits pitted texturing on the lateral face 
of the trochanteric shelf. It is difficult to determine how anterolateral this texturing would 
have extended as this surface does not preserve original texture. This distinct distal 
pitting is probably the osteological correlate for the insertion of the M. iliofemoralis 
(Figure 2.6). Proximally, this pitting is less distinct as a result of surface disruption. Some 
proximal portion of this area is likely the osteological correlate for the insertion of the M. 
puboischiofemoralis internus II (discussed below). This region is poorly preserved on the 
paratype femur, MPM-PV 3546-21, with disrupted surface texture and taphonomic 
deformation has folded the anterolateral region completely lateral. Potential striations are 
present proximally in this area but overall surface disruption inhibits identification of the 
M. iliofemoralis insertion. 
 In Opisthocoelicaudia, the M. iliofemoralis is reconstructed as originating from 
the lateral ilium (dorsal to the acetabulum) and inserting on the greater trochanter and 
trochanteric shef on the lateral side of the proximal femur (Borsuk-Bialynicka 1977, fig. 
17). Curry Rogers (2009) follows Borsuk- Bialynicka (1977) in reconstructing this 
muscle on the trochanteric shelf, except she reconstructs it on the posterior side of the 
shelf, stating that this surface is rugose in femora of Rapetosaurus. It is likely that this 
posteriorly facing surface is an osteological correlate for insertion of the Mm. 
puboischiofemorales externi and potentially the insertion of the M. ischiotrochantericus 
distal to it; as in Opisthocoelicaudia the M. iliofemoralis likely inserted laterally on the 
trochanteric shelf in Rapetosaurus and not its posterior surface.  
 Mm. puboischiofemorales interni – Turtles (Dilkes 1999) and crocodilians (Dilkes 
1999; Carrano and Hutchinson 2002) have two heads of this muscle (Mm. 
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puboischiofemoralis internus I and II). Sphenodon (Dilkes 1999) and birds (Dilkes 1999; 
Carrano and Hutchinson 2002) are known to have three heads of this muscle(called, in 
birds, the Mm. iliotrochantericus cranialis, iliotrochantericus medius, and iliofemoralis 
internus), making the number of heads in dinosaurs equivocal. A minimum of two heads 
are predicted by EPB taxa. The additional muscle head in birds is possibly derived from 
the M. puboischiofemoralis internus (Dilkes 1999; Maidment and Barrett 2011; also see 
Carrano and Hutchinson 2002 for additional hypotheses).  
 The origin of M. puboischiofemoralis internus I is agreed to be, at least in part, 
from the ilium. In crocodilians, the origin lies dorsal to the acetabulum on the medial face 
of the ilium, and extends across the anteroposterior extent of this region. In contrast, in 
birds this muscle originates from the ventrolateral edge of the preacetabulum (Dilkes 
1999, fig. 14A,C,E; Carrano and Hutchinson 2002; Maidment and Barrett 2011). In some 
lizards, such as Sphenodon and Iguana (Borsuk-Bialynicka 1977; Dilkes 1999, fig. 13C–
F), the M. puboischiofemoralis internus I originates from the anterior face of the pubis, 
extending onto the medial and/or lateral sides. Therefore, though the precise origin of this 
muscle is equivocal in dinosaurs, it likely, at least in part, originates from the ilium 
because extant archosaurs have an iliac origin. The insertion of M. puboischiofemoralis 
internus I is near or on the base of the medial side of the fourth trochanter in birds and 
crocodilians (Dilkes 1999, fig. 16; Carrano and Hutchinson 2002, fig. 3; Maidment and 
Barrett 2011). 
 There are striations present along the anterior edge (and slightly onto the lateral 
side) of the distal-most 20 cm of the pubic peduncle of the left ilium of the 
Dreadnoughtus paratype (MPM-PV 3546-15). A smaller, less pronounced area of 
79
striations is also present here on the distal-most part of the pubic peduncle of the left 
ilium of the holotype (MPM-PV 1156-52). On this ilium, the surface is disrupted 
surrounding the osteological correlate, potentially obscuring its full extent. The right 
ilium of the holotype presents a similar condition (MPM-PV 1156-53). This area is not 
preserved on the right ilium of the paratype (MPM-PV 3546-16). These osteological 
correlates likely represent the origin of the M. puboischiofemoralis internus I (Figure 
2.6). At a similar location on the pubic peduncle of the ilium of Opisthocoelicaudia, 
transverse grooves are reported to represent an attachment of the Mm. 
puboischiofemoralis internus (Borsuk-Bialynicka 1977); according to EPB comparisons, 
this likely also represents the origin of part one of this muscle. Both left femora of 
Dreadnoughtus (MPM-PV 1156-58, MPM-PV 3546-21) exhibit a distinct pitted area just 
proximal to the fourth trochanter on the anteromedial side, likely representing the 
osteological correlate of the M. puboischiofemoralis internus I insertion (Figures 2.7–8). 
This area is better defined on the femur of the holotype (MPM-PV 1156-58). 
 In crocodilians, the M. puboischiofemoralis internus II originates from the lateral 
surface of the dorsal vertebral centra. The origin of this muscle in birds is from the 
ventrolateral face of the preacetabular process of the ilium (Dilkes 1999 fig. 14C,E; 
Carrano and Hutchinson 2002; Maidment and Barrett 2011). Therefore, its origin is 
equivocal in dinosaurs. This muscle inserts onto the femoral trochanteric shelf in extant 
archosaurs (Dilkes 1999, fig. 16; Carrano and Hutchinson 2002; Maidment and Barrett 
2011). Carrano and Hutchinson (2002) and Hutchinson (2002) suggest this muscle inserts 
proximally to the M. iliofemoralis on the trochanteric shelf.  
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 On the ilia of Dreadnoughtus, there is an accessory process on the ventrolateral 
margin of the preacetabular lobe (Figure 2.7; Ullmann and Lacovara in press). As they 
discuss, this process is also present in specimens of Alamosaurus and Giraffatitan in the 
location of the avian origin of the M. puboischiofemoralis internus II. There are no 
discernable osteological correlates at this location on the right ilium of the paratype or the 
left ilium of the holotype (MPM-PV 3546-16; MPM-PV 1156-52). The left ilium of the 
paratype and right ilium of the holotype (MPM-PV 3546-15; MPM-PV 1156-53) exhibit 
possible striations on this process. In the former, the striations appear to be forming 
around the base of the process, but the ventrolateral-most portion of the process is 
missing. In the latter, the striations are not well pronounced; this may be caused by 
deformation of this area. These potential osteological correlates and distinct development 
of the accessory process suggest that a muscle attached here, which, based on its location, 
was probably M. puboischiofemoralis internus II.  
 Only the femur of the holotype (MPM-PV 1156-58) preserves intact, undeformed 
surface bone to identify the potential insertion of the M. puboischiofemoralis internus II. 
The lateral aspect of the trochanteric shelf on this femur exhibits pitting that is more 
distinct distally, which, as mentioned above, likely corresponds to the insertion of the M. 
iliofemoralis (Figure 2.6, 2.8). Proximally, this surface gradually becomes more 
disrupted. As a result of this surface disruption, the likely more proximal insertion of the 
M. puboischiofemoralis internus II cannot be differentiated from that of the M. 
iliofemoralis. Thus, the textured area of the trochanteric shelf is outlined as the potential 
insertion for both muscles, with a note that the M. puboichiofemoralis internus II 
insertion probably occupies the more proximal portion of this region.  
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 M. iliotibialis – The M. iliotibialis is present in both birds and crocodilians. In 
crocodilians this muscle is agreed to have three heads originating from a large extent of 
the dorsal margin of the lateral face of the ilium (Dilkes 1999; Carrano and Hutchinson 
2002; Otero and Vizcaíno 2008). Although, the origin in birds is reported as the same 
anatomical region, Dilkes (1999) reports four heads instead of three (Carrano and 
Hutchinson 2002; Otero and Vizcaíno 2008; Maidment and Barrett). Regardless, the 
origin of this muscle in dinosaurs would likely have been the majority of the dorsal 
margin of the lateral face of the ilium. The insertion of the M. iliotibialis in would have 
been on the tibia (cnemial crest in crocodilians and the patella in birds) via a common 
with the Mm. ambiens, femorotibiales (Carrano and Hutchinson 2002; Otero and 
Vizcaíno 2008). As the cnemial crest is functionally analogous to the patella and non-
avian dinosaurs posses a cnemial crest, this crest is was the probable insertion for the M. 
iliotibialis. 
 In Dreadnoughtus, the dorsal margin of the lateral face of the right holotype ilium 
(MPM-PV 1156-53) has been taphonomically folded to face more medial than dorsally. 
The origin of the M. iliotibialis is predicted by EPB analysis to insert on this margin. The 
intact surface bone here does not exhibit any identifiable osteological correlates (Figure 
2.6). Similarly, neither paratype ilia (MPM-PV 3546-28 and MPM-PV 3546-29) exhibit a 
distinguishable osteological correlate at this location either. The left holotype ilium 
(MPM-PV 1156-52) does not preserve the dorsal margin of the lateral side and also 
yields no osteological correlate here. Regardless, EPB supports this muscle attaching at 
this location, therefore it is tentatively reconstructed here. The lateral face of the cnemial 
crest is densely covered with deep striations in both holotype tibiae (MPM-PV 1156-
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59,60). The common extensor tendon that attached here likely was composed of the M. 
iliotibialis as well as the Mm. femorotibialis externus, femorotibialis internus, ambeins, 
and popliteus (Figure 2.6). 
 The M. iliotibialis is reconstructed as also originating from the dorsal margin of 
the lateral face of the ilium in Opisthocoelicaudia and Neuquensaurus (Borsuk-
Bialynicka 1977, fig. 12; Otero and Vizcaíno 2008). Likewise, these taxa are 
reconstructed with this muscle inserting on the cnemial crest with other knee extensor 
muscles (Borsuk-Bialynicka 1977; Otero and Vizcaíno 2008). In Bonitasaura, Gallina 
and Apesteguía (2015) reconstructs the common tendon of the Mm. ambiens, iliotibialis, 
and femorotibialis on the cnemial crest, alike the aforementioned taxa, and on the 
anteromedial surface of the proximal tibia. The latter part of this reconstruction does not 
agree with EPB comparisons.  
 M. iliofibularis – Present in crocodilians and birds, the M. iliofibularis originates 
from the lateral surface of the postacetabular lobe of the ilium in both taxa, posterior to 
the M. iliofemoralis and ventral to the M. iliotibialis (Dilkes 1999; Carrano and 
Hutchinson 2002; Otero and Vizcaíno 2008). The insertion of this muscle is on a tubercle 
on the lateral fibula in both taxa (Dilkes 1999, fig. 18A; Carrano and Hutchinson 2002; 
Otero and Vizcaíno 2008). A second tendon inserts on the origin of the M. gastrocnemius 
(Carrano and Hutchinson 2002; Otero and Vizcaíno 2008), but as no osteological 
correlate would be preserved from this attachment, it is not reconstructed. 
 Only the right ilium of the holotype of Dreadnoughtus (MPM-PV 1156-53) 
preserves enough of the postacetabular lobe to investigate the origin of the M. 
iliofibularis. On the lateral surface of the postacetabular lobe, posterior to the M. 
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iliofemoralis and ventral to the M. iliotibialis, there is no visible osteological correlate for 
the origin of the M. iliofibularis. EPB taxa suggest it originated at this location but as no 
osteological correlate is present to inform on its exact attachment site, the origin is not 
reconstructed. However it is predicted to attach at this location. The well-developed 
lateral tuberosity of the fibula of Dreadnoughtus exhibits a pitted texture confined to its 
apex, which is likely the osteological correlate for the insertion of the M. iliofibularis 
(Figures 2.6, 2.8–9). 
 In Opisthocoelicaudia, Borsuk-Bialynicka (1977) reconstructed the M. 
iliofibularis as originating from the lateral side of the postacetabulum of the ilium, but 
she switched the insertion of the M. iliofibularis and the origin of the M. flexor digitorum 
longus so that the latter attaches to the lateral tuberosity of the fibula. Following the 
reconstruction of Opisthocoelicaudia, Curry Rogers (2009) suggested the same 
attachment sites for these two muscles on the fibula of Rapetosaurus, and in 
Malawisaurus, Gomani (2005) also places the M. flexor digitorum longus on the lateral 
fibular trochanter following Borsuk-Bialynicka (1977). Dissections of EPB taxa do not 
support this muscle arrangement, and these attachment sites should be reversed (Dilkes 
1999, fig. 18A; Carrano and Hutchinson 2002; Otero and Vizcaíno 2008). The M. 
iliofibularis is reconstructed on the lateral tuberosity in Neuquensaurus (Otero and 
Vizcaíno 2008). The morphology of the lateral tuberosity varies among titanosaurians, as 
some, such as Dreadnoughtus, Bonitasaura (Gallina and Apesteguía 2015), and 
Lirainosaurus (Sanz et al. 1999) have a single, raised osteological correlate whereas 
others (e.g., Laplatasaurus, Epachthosaurus, Antarctosaurus; Gallina and Apesteguía 
2015) have two ridges straddling a concavity on the lateral trochanter. This suggests that 
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there may have been a difference among titanosaurians in stress applied by this muscle or 
in the resultant remodeling, but it is unclear at this time if this was in response to 
differential use of this muscle or another unidentified variable.   
 M. flexor tibialis externus – The M. flexor tibialis externus in crocodilians and the 
homologous M. flexor cruris lateralis in birds originate on the lateral side of the 
postacetabular process of the ilium (Dilkes 1999; Carrano and Hutchinson 2002; 
Maidment and Barrett 2012), posterior to the Mm. iliotibialis (Maidment and Barrett 
2012), iliofibularis, and iliofemoralis originations (Carrano and Hutchinson 2002). M. 
flexor tibialis externus inserts posteriorly on the medial face of the proximal tibia, just 
posterior to the M. gastrocnemius origin (Carrano and Hutchinson 2002). 
 Parallel striations are present on the ventral portion of the posterior end of the 
lateral face of the postacetabular lobe of the left ilium of the paratype (MPM-PV 3546-
28) and the right ilium of the holotype (MPM-PV 1156-53) of Dreadnoughtus. This 
region of the left ilium of the paratype is folded over on itself, but the original surface is 
still preserved. The right ilium of the paratype (MPM-PV 3546-29) and the left ilium of 
holotype (MPM-PV 1156-52) do not preserve this portion of the postacetabular lobe. 
These striations probably represent an osteological correlate for the origin of the M. 
flexor tibialis externus (Figure 2.6). This origin is also reconstructed in 
Opisthocoelicaudia (though referred to as the M. flexor tibialis internus; Borsuk-
Bialynicka 1977).  
 The right tibia of the holotype of Dreadnoughtus (MPM-PV 1156-60) exhibits 
striations posteriorly on the medial face of its proximal end (Figure 2.7). This area likely 
represents the combined insertion of the Mm. flexor tibialis externus and flexor tibialis 
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internus III, as well as the origin of the M. gastrocnemius. Based on the spatial extent of 
the striations, these attachments were likely adjoined. The M. gastrocnemius origin likely 
occupied the more anterior portion of this region, but no indication of separation is 
visible. This region is not preserved on the left tibia of the holotype (MPM-PV 1156-59). 
Borsuk-Bialynicka (1977) reports that no osteological correlates are apparent in this 
region in Opisthocoelicaudia, but the estimation in her figure 17 suggests a similar 
location to its reconstructed location in Dreadnoughtus.  
 Mm. flexor tibialis internus – Crocodilians have four parts of the Mm. flexor 
tibialis internus (Dilkes 1999; Carrano and Hutchinson 2002; Maidment and Barrett 
2012). Lepidosaurs only have two parts of this muscle (Dilkes 1999; Maidment and 
Barrett 2012), and only one part is present in birds (the M. flexor cruris medialis; Dilkes 
1999; Carrano and Hutchinson 2002; Maidment and Barrett 2012). As three of the four 
parts of the crocodilian Mm. flexor tibialis internus (parts I, II and IV) are equivocal in 
dinosaurs and no identifiable osteological correlates are preserved in Dreadnoughtus, 
they will not be reconstructed. If these muscles were present, the origin of part I would be 
on the postacetabulum of the ilium near the region of origin of the Mm. iliofibularis, 
iliocaudalis, and flexor tibialis externus, and part II would originate near the origin of the 
M. ischiocaudalis (Carrano and Hutchinson 2002). It is more parsimonious to infer any 
osteological correlates in this area correspond to unequivocal muscles instead of the Mm. 
flexor tibialis internus I and II. M. flexor tibialis internus IV has an aponeurotic origin 
and inserts with the M. flexor tibialis internus III (Dilkes 1999; Carrano and Hutchinson 
2002; Maidment and Barrett 2012); therefore, in addition to being equivocal, it would 
leave no unique osteological correlates. The M. flexor tibialis internus III originates from 
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the lateral ischium in EPB taxa, on the ischial tuberosity in crocodilians and slightly more 
distally in birds (Carrano and Hutchinson 2002; Maidment and Barrett 2012). The 
insertion of this muscle is on the medial surface of the proximal tibia with the M. flexor 
tibialis externus, near the origin of the gastrocnemius (Dilkes 1999; Carrano and 
Hutchinson 2002, fig. 3D). 
 All four preserved ilia of Dreadnoughtus preserve an ischial tuberosity with pitted 
texture (MPM-PV 1156-56; MPM-PV 1156-57; MPM-PV 3546-19; MPM-PV 3546-20). 
This tuberosity likely represents an osteological correlate of the origin of the M. flexor 
tibialis internus III (Figure 2.6). The origin of this muscle is also reconstructed on the 
ischial tuberosity in Opisthocoelicaudia, Rapetosaurus, Neuquensaurus, Bonitasaura, 
and Diamantinasaurus (Borsuk-Bialynicka 1977; Curry Rogers 2009; Otero 2010; 
Gallina and Apesteguía 2015; Poropat et al. 2015). In Diamantinasaurus, the ischial 
tuberosity is underdeveloped compared to other titanosaurians and is reported as 
exhibiting minimal evidence for muscular attachment (Poropat et al. 2015). The M. flexor 
tibialis internus III likely attached here in that taxon but did not create enough stress at its 
origin to produce a pronounced tuberosity. The ischial tuberosity is also reported as a 
location for muscle attachment in Malawisaurus, which likely also represents this muscle 
(Gomani 2005). The posterior portion of the medial face of the proximal tibia of the 
holotype of Dreadnoughtus (MPM-PV 1156-60) exhibits striations, which likely 
represent an osteological correlate for the combined insertion of the Mm. flexor tibialis 
internus III and flexor tibialis externus, as well as the neighboring origin of the M. 
gastrocnemius (Figure 2.7; discussed above). This region is not preserved on the left tibia 
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of the holotype (MPM-PV 1156-59). As noted above, no osteological correlate is 
reported in this region of the tibia of Opisthocoelicaudia (Borsuk-Bialynicka 1977).  
 Mm. caudofemorales – Two muscles comprise the Mm. caudofemorales in 
crocodilians (Dilkes 1999; Carrano and Hutchinson 2002; Otero and Vizcaíno 2008; 
Maidment and Barrett 2012) and most birds (Otero and Vizcaíno 2008; Maidment and 
Barrertt 2012). The M. caudofemorales longus (M. caudofemoralis pars caudalis in birds) 
originates from the proximal caudal vertebrae in crocodilians or the pygostyle in birds 
(Carrano and Hutchinson 2002; Otero and Vizcaíno 2008; Maidment and Barrett 2012). 
Additionally, this muscle may originate from the proximal haemal arches (Wilhite 2003; 
Otero et al. 2010; Ibiricu et al. 2013). This muscle inserts on the fourth trochanter of the 
femur in extant archosaurs (Dilkes 1999, fig. 16B-C; Carrano and Hutchinson 2002; 
Otero and Vizcaíno 2008; Maidment and Barrett 2012). Crocodilians have an additional 
insertion near the knee (Carrano and Hutchinson 2002; Otero and Vizcaíno 2008; 
Maidment and Barrett 2012). The M. caudofemoralis brevis originates from the 
postacetabular blade of the ilium, generally from the medial and sometimes lateral side in 
crocodilians and exclusively the lateral side in birds. It may also have an origin from the 
sacral ribs and/or the sacrum (Ibiricu et al. 2013; Maidment and Barrett 2012). This 
muscle inserts proximolaterally to the M. caudofemoralis longus on the femur (Carrano 
and Hutchinson 2002; Otero and Vizcaíno 2008; Maidment and Barrett 2012).  
 The majority of the caudal series of Dreadnoughtus was found articulated and 
vertebrae 1 through 11 preserve transverse processes. Additionally, 18 haemal arches 
were recovered with anteroposteriorly expanded distal ends (an autapomorphic 
morphology; Lacovara et al. 2014). On at least some of these vertebrae, the ventrolateral 
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centra, and potentially the transverse processes, as well as their corresponding haemal 
arches, may represent the origin of the M. caudofemoralis longus in Dreadnoughtus (the 
"undescribed southern Patagonian titanosaur" of Ibiricu et al. 2013). Ibiricu et al. (2013) 
propose that in non-saltasaurine lithostrotians, such as Dreadnoughtus, the M. 
caudofemoralis longus would have originated from the first nine to twelve caudal 
vertebrae. The ventral portion of the medial side of the postacetabular lobe of the right 
ilium of the holotype of Dreadnoughtus (MPM-PV 1156-53) exhibits striations, which 
are likely the osteological correlate for the origin of the M. caudofemoralis brevis (Figure 
2.7). Both left femora of Dreadnoughtus (MPM-PV 1156-58, MPM-PV 3546-21) 
preserve a textured fourth trochanter. The fourth trochanter of the holotype (MPM-PV 
1156-58) exhibits a rugose pitted texture and the paratype (MPM-PV 3546-21) exhibits 
some striations as well as pitting. There is no distinction visible to discern between the 
attachment sites of the Mm. caudofemoralis longus and brevis (Figure 2.7–9). 
 Ibiricu et al. (2013) suggest the expanded distal ends of the haemal arches of 
Dreadnoughtus may correspond to an increase in origin area for the M. caudofemoralis 
longus. This increase in surface area may relate to adduction of the femur as a result of 
the wide-gauge posture of titanosaurians (Ibiricu et al. 2013). Although a portion of the 
M. caudofemoralis longus may adduct the femur as a result of wide-gauge posture, the 
main action of this muscle likely remains femoral retraction. Ibiricu et al. (2013) also 
discuss in detail the origins of the Mm. caudofemorales within Titanosauria and how they 
shift through evolution of the clade. Overall, the area of origination for the M. 
caudofemoralis longus is reduced through their evolution, attaching to more distal caudal 
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vertebrae in more basal taxa such as Andesaurus than in derived taxa such as 
Neuquensaurus (see Ibiricu et al. [2013] for further discussion of the origin).  
 The insertion of the Mm. caudofemorales is also reported on the fourth trochanter 
in other titanosaurians, such as Opisthocoelicaudia, Neuquensaurus, Rapetosaurus, and 
Elatitan (Borsuk-Bialynicka 1977; Otero and Vizcaíno 2008, Curry Rogers 2009; 
Mannion and Otero 2012). The forth trochanter of the femur of Opisthocoelicaudia has 
two ridges; Borsuk-Bialynicka (1977) reconstructs the M. caudofemoralis longus on the 
medial ridge and the M. caudofemoralis brevis on the lateral ridge. In Elatitan, the fourth 
trochanter is reduced, but scarring is still present (Mannion and Otero 2012). This 
suggests that less stress may have been applied at the insertion of this muscle in Elatitan 
than in other taxa such as Bonitasaura, for which the fourth trochanter is described as 
well-defined but the Mm. caudofemorales are not specifically reconstructed (Gallina and 
Apesteguía 2015). The fourth trochanter is known to vary in proximodistal location along 
the femora of titanosaurians and this likely has functional implications (Bonnan 2004; 
Ibiricu et al. 2013; Ullmann et al. in press). Generally the fourth trochanter is more 
proximally positioned in titanosauriforms than in other sauropods (Ullmann et al. in 
press) and is perhaps most proximal in derived titanosaurians (Ibiricu et al. 2013), 
suggesting a potential correlation to development of wide-gauge posture. Although 
Ibiricu et al. (2013) discuss migration of the attachment sites of this muscle through 
titanosaurian evolution, it remains unclear how (or if) concurrent displacement of the 
origins and insertion of the Mm. caudofemorales would have affected the function of this 
muscle. Determining exactly how these variations effected the function of this muscle 
would required a more detailed biomechanical investigation of additional taxa of varying 
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body gauge, which was beyond the scope of Ibiricu et al. (2013) as well as this study. For 
a more complete discussion of the position of the fourth trochanter and its potential 
influence on the function of the Mm. caudofemorales see Bonnan (2004), Ibiricu et al. 
(2013), and Ullman et al (in press). 
 M. ambiens – In turtles, lepidosaurs, and birds the M. ambiens is only one part 
(Dilkes 1999; Carrano and Hutchinson 2002). Crocodilians instead have two heads of this 
muscle (Dilkes 1999; Carrano and Hutchinson 2002; Otero and Vizcaíno 2008). 
Consequently, the number of heads is equivocal in dinosaurs, but at least one was likely 
present. This muscle originates from the proximal pubis on the iliac peduncle in all EPB 
taxa (Dilkes 1999; Carrano and Hutchinson 2002; Maidment and Barrett 2012). The 
insertion of the M. ambiens, as mentioned above is on the cnemial crest (via the patella in 
birds) with the Mm. iliotibialis, femorotibialis internus, and femorotibialis externus 
(Carrano and Hutchinson 2002; Otero and Vizcaíno 2008). The second head in 
crocodilians insets aponeurotically onto the M. gastrucnemius (Carrano and Hutchinson 
2002; Otero and Vizcaíno 2008). 
 Striations are present anterolaterally on the iliac peduncle of the right pubis of the 
holotype of Dreadnoughtus (MPM-PV 1156-55). In lateral view, this area is preserved as 
a triangular shelf as a result of taphonomic deformation in the left pubis of the holotype 
(MPM-PV 1156-54) but the surface is disrupted. The left pubis of the paratype ((MPM-
PV 3546-17) also exhibits striations at this location and the right pubis of the paratype 
(MPM-PV 3546-18) does not preserve the majority of the iliac peduncle. These 
osteological correlates likely correspond to the origin of the M. ambiens (Figure 2.6). 
This muscle is also reconstructed at this location in Opisthocoelicaudia, Bonitasaura, and 
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Diamantinasaurus (Borsuk-Bialynicka 1977; Gallina and Apesteguía 2015; Poropat et al. 
2015). Although a ridge-like appearance to this area in lateral view of the left pubis of the 
holotype of Dreadnoughtus (MPM-PV 1156-54) is likely a product of taphonomic 
deformation, this same area is preserved a low, ridge-like process in the pubis of 
Diamantinasaurus (Poropat et al. 2015). As mentioned above, the cnemial crest of both 
tibiae (MPM-PV 1156-59,60) are covered with deep striations and the M. ambiens 
probably inserted here along with other knee extensor muscles (Figure 2.6). The insertion 
of the M. ambiens is also reconstructed at this location in Opisthocoelicaudia (Borsuk-
Bialynicka 1977). 
 Mm. puboischiofemorales externi – The Mm. puboischiofemorales externi is 
composed of three parts in crocodilians and two parts in birds (Dilkes 1999; Carrano and 
Hutchinson 2002; Maidment and Barrett 2012). Although this results in the number of 
divisions being equivocal in dinosaurs, Carrano and Hutchinson (2002) and Maidment 
and Barrett (2012, and references therein) suggest that crocodilians may preserve the 
pleisomorphic trait of basal archosaurs. The origin of the M. puboischiofemoralis 
externus I is anteromedial or medial on the shaft and proximal portion of the pubis 
(Carrano and Hutchinson 2002). This muscle is homologous to the M. obturator lateralis 
in birds which originates around the obturator foramen (Maidment and Barrett 2012). The 
M. puboischiofemoralis externus II in crocodilians originates from along the 
posteromedial surface of the pubic shaft and distal blade (Carrano and Hutchinson 2002), 
whereas the homologous M. obturator medialis in birds originates from the medial sides 
of the pubis and ischium (Maidment and Barrett 2012). In crocodilians, the M. 
puboischiofemoralis externus III originates from the lateral surface of the ischium, 
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between the two parts of the Mm. adductores femores (Carrano and Hutchinson 2002; 
Maidment and Barrett 2012). All parts in all EPB taxa examined insert together on the 
greater trochanter (Carrano and Hutchinson 2002) or the lateral to posterolateral side of 
the trochanteric shelf of the femur (Dilkes 1999; Maidment and Barrett 2012). 
 The origin for the M. puboischiofemoralis externus I as suggested by EPB taxa 
should originate from the medial side of the proximal pubis and pubic shaft. This is 
problematic in sauropods because of the parasagittal orientation of the proximal pubis, 
which would require the muscle to wrap around the anterior wall of the bone to curve 
back to the posterolateral region of the proximal femur. This region of the pubies of the 
holotype of Dreadnoughtus (MPM-PV 1156-54, 55) and the right pubis (MPM-PV 3546-
18) of the paratype do not exhibit any osteological correlates. The left pubis of the 
paratype of Dreadnoughtus (MPM-PV 3546-17) does not preserve adequate surface 
texture to assess this. It is possible that the M. puboischiofemoralis externus I originated 
at this location but did not leave an osteological correlate. Another possibility is that this 
division of the muscle was lost in sauropods because of the orientation of the pubes. 
However, Borsuk-Bialynicka (1977) and Gallina and Apesteguía (2015) reconstruct a 
part of the Mm. puboischiofemorales externi as originating from the lateral side of the 
proximal pubis and pubic shaft. Such an orientation avoids the wrapping of this muscle 
around the anterior pubis to insert on the posterior face of the proximal femur. This 
lateral area, proposed by Borsuk-Bialynicka (1977), exhibits distinct striations on the 
right pubis of the holotype of Dreadnoughtus (MPM-PV 1156-55; and in parts of this 
region on the other three preserved pubes: MPM-PV 1156-54, MPM-PV 3546-17, MPM-
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PV 3546-18). Therefore, part of the origin of the Mm. puboischiofemorales externi is 
tentatively reconstructed here (Figure 2.6).  
 Striations are preserved on the posterior shaft and posteroventral distal blade of 
both pubes of the holotype individual (MPM-PV 1156-54, MPM-PV 1156-55) and on the 
left pubis of the paratype (MPM-PV 3546-17) of Dreadnoughtus. Though the right pubis 
of the paratype (MPM-PV 3546-17) exhibits some surface disruption, there appears to be 
remnants of striations here. The striations at this location on all preserved pubes likely 
represent the origin of the M. puboischiofemoralis externus II (Figure 2.6). This 
placement agrees with reconstructions of a part of the Mm. puboischiofemorales externi 
in Opisthocoelicaudia and Bonitasaura (Borsuk-Bialynicka 1977; Gallina and 
Apesteguía 2015). Similarly, an oblique, anterolateral ridge divides two areas for muscle 
attachment on the pubis of Isisaurus (Jain and Bandyopadhyay 1997), which likely 
correspond to the origins of the Mm. puboischiofemoralis externus I and II. 
Neuquensaurus exhibits a similar crest, and though Otero reconstructs these muscles as 
attaching to the crest, he does not mention presence of surface texture indicative of an 
osteological correlate (Otero 2010). 
 The ventrolateral face of the distal blade of the left ischium of the holotype of 
Dreadnoughtus (MPM-PV 1156-56) exhibits distinct striations. These striations are also 
visible on the right ischium of the holotype (MPM-PV 1156-57) and the left ischium of 
the paratype (MPM-PV 3546-19), despite partial obscuring in places as a result of 
preparation. This area is not preserved on the right ischium of the paratype (MPM-PV 
3546-20). This area may represent the origin of the M. puboischiofemoralis externus III 
(Figure 2.6). Otero (2010) also suggests the broad distal blade of the ischium of 
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Neuquensaurus could be associated with adductor musculature; this placement agrees 
with EPB comparisons, as well as reconstruction of the origin of the M. 
puboischiofemoralis externus III at this location in Dreadnoughtus.  
 Striations are preserved on the posterolateral side of the trochanteric shelf of the 
femur of the holotype of Dreadnoughtus (MPM-PV 1156-58). This osteological correlate 
is differentiated from that corresponding to the Mm. puboischiofemoralis internus II and 
iliofemoris on the basis of surface texture, as the former exhibits striations and the latter 
pitting. The striated osteological correlate likely represents the insertion of all parts of the 
Mm. puboischiofemorales externi and possibly the insertion of the M. 
ischiotrochantericus (Figures 2.6, 2.7; see below). As mentioned above, Curry Rogers 
(2009) reconstructs the M. iliofemoralis at this location as there is an osteological 
correlate present, but this correlate likely instead corresponds to the Mm. 
puboischiofemorales externi insertion and potentially the M. ischiotrochantericus distal to 
it.  
 Mm. adductores femores – Two parts of the Mm. adductores femores are known 
in extant archosaurs (Maidment and Barrett 2012), the M. adductor femoris I and 
adductor femoris II (Mm. puboischiofemoralis pars lateralis and pars medialis in birds; 
Dilkes 1999; Carrano and Hutchinson 2002; Otero and Vizcaíno 2008). In these taxa, 
these muscles originate on the lateral side of the ischium (Carrano and Hutchinson 2002; 
Otero and Vizcaíno 2008) and occasionally also from the pubis in birds (Dilkes 1999; 
Maidment and Barrett 2012). Specifically, in crocodilians the M. adductor femoris I 
originates from the anterior portion of the lateral face of the distal ischium, whereas the 
M. adductor femoris II originates from the posterior portion, and these muscles are 
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separated by the origin of the M. puboischiofemoralis externus III (Dilkes 1999, and his 
fig. 14A; Carrano and Hutchinson 2002, fig. 3A; Otero and Vizcaíno 2008; Maidment 
and Barrett 2012). In birds, the Mm. puboischiofemoralis pars lateralis and medialis 
originate near each other without separation by the M. puboischiofemoralis externus III 
(Carrano and Hutchinson 2002, fig 3E; Otero and Vizcaíno 2008). In extant archosaurs, 
the Mm. adductores femores insert on the posterior side of the femur distal to the Mm. 
caudofemorales (Dilkes 1999; Carrano and Hutchinson 2002, fig. 3B,F; Otero and 
Vizcaíno 2008). 
 Therefore, the exact location of the origin of the Mm. adductores femores in 
dinosaurs is equivocal. Although basal archosaurs have an ischiadic apron, it is lost in 
more derived archosaurs and is homologous with the lateral ischiadic shaft (Maidment 
and Barrett 2012). Thus, as titanosaurians lack an ischiadic apron or an obturator process 
on their ischia, it is possible the origin for both parts of the M. adductor femores were 
close together and not separated by the M. puboischiofemoralis externus III. The 
ischiadic shaft of the left ischium of the holotype of Dreadnoughtus (MPM-PV 1156-56) 
exhibits striations just posterodistal to the ischial tuberosity that may represent an 
osteological correlate for the origin of the Mm. adductores femores. These striations are 
more distinct near the ischial tuberosity, and similar traces are visible in the other three 
preserved ischia of Dreadnoughtus (MPM-PV 1156-57, MPM-PV 3546-19, MPM-PV 
3546-20), though preparation marks partially obstruct this osteological correlate in all 
three of these latter specimens. In the right ischium of the paratype (MPM-PV 3546-20), 
air abrasion from preparation has exposed vessel canals which are not parallel to the 
striations in this area. There is no visible separation to reconstruct distinct areas 
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corresponding to the two parts of this muscle and, therefore, they are reconstructed as a 
single, adjacent origin (Figure 2.6). This type of reconstruction follows that for the 
titanosaurians Opisthocoelicaudia and Neuquensaurus (Borsuk-Bialynicka 1977; Otero 
and Vizcaíno 2008).  
 In Tyrannosaurus rex, Carrano and Hutchinson (2002) reconstruct the insertion of 
the M. adductor femoris I as more medial on the posterior surface of the femur than that 
of M. adductor femoris II, each occupying subequal in size, rugose, oval attachment sites. 
Otero and Vizcaíno (2008) also reconstruct two separate insertions on the femur for these 
muscles (in Neuquensaurus), but instead place them proximal and distal to one another, 
respectively, near the center of the posterior face. On the left femur of the holotype of 
Dreadnoughtus (MPM-PV 1156-58), two suboval osteological correlates are visible on 
the center of the posterior face. The first osteological correlate exhibits a rugose pitted 
texture and is likely the insertion for the M. adductor femoris I (Figure 2.9). It is located 
medial to and about as proximal as the insertion of the Mm. caudofemorales. Distal to the 
insertion of the Mm. caudofemorales, near the lateral margin of the posterior face, is the 
second suboval osteological correlate. It exhibits striations and is likely the insertion of 
M. adductor femoralis II (Figure 2.9). This reconstruction follows Carrano and 
Hutchinson (2002) as the M. adductor femoralis I is medial to the M. adductor femoralis 
II and follows Otero and Vizcaíno (2008) in that the insertion of the former is dorsal to 
the latter.   
 M. ischiotrochantericus – In crocodilians (Dilkes 1999; Carrano and Hutchinson 
2002; Otero and Vizcaíno 2008; Maidment and Barrett 2012) and lizards (Dilkes 1999; 
Maidment and Barrett 2012), the M. ischiotrochantericus originates from the medial side 
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of the ischium. The homologous muscle in birds, the M. ischiofemoralis, originates from 
the lateral side of the ischium (Dilkes 1999; Carrano and Hutchinson 2002; Otero and 
Vizcaíno 2008; Maidment and Barrett 2012). This muscle inserts on the posterior surface 
of the femur just distal to the insertion of the M. puboischiofemorales externi (Carrano 
and Hutchinson 2002; Otero and Vizcaíno 2008) or onto the trochanteric shelf (Dilkes 
1999; Maidment and Barrett 2012). Thus, the precise origin and insertion of this muscle 
are each equivocal in dinosaurs, but it was likely present. 
 The right ischium of the holotype of Dreadnoughtus (MPM-PV 1156-57) exhibits 
a small region of striations on the posterolateral face, just proximal to the ischial 
tuberosity, that may represent an osteological correlate. A ridge of bone approximately 
one inch wide is also at this location on the right ischium of the paratype (MPM-PV 
3546-20). No striations are visible on this ridge, and the surface texture suggests this may 
be a result of air abrasion during preparation. This ridge of bone is likely accentuated by 
taphonomic distortion. The left ischium of the holotype (MPM-PV 1156-56) does not 
preserve a ridge of bone nor striations because of erosion of the surface, and this area is 
not preserved in the left ischium of the paratype (MPM-PV 3546-19). With minor 
evidence of an osteological correlate, this location is tentatively reconstructed as the 
origin of the M. ischiotrochantericus in Dreadnoughtus (Figure 2.6). Although the origin 
of this muscle is equivocal in dinosaurs, this potential origin is more crocodilian than 
avian in location, and probably only represents a portion of the attachment area of this 
muscle. 
 A proximal region on the lateral side of the posterior face of the femur of the 
holotype of Dreadnoughtus (MPM-PV 1156-58) exhibits striations that may correspond 
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to the insertion of the Mm. ischiotrochantericus and puboischiofemorales externi (Figures 
2.6, 2.9). According to EPB comparisons, the insertion of the M. ischiotrochantericus was 
likely more distal to that of the Mm. puboischiofemorales externi (Carrano and 
Hutchinson 2002; Otero and Vizcaíno 2008). The M. ischiotrochantericus insertion has 
been reconstructed in a similar location in other non-avian dinosaurs (Dilkes 1999, 
Carrano and Hutchinson 2002), including the titanosaurian Neuquensaurus (Otero and 
Vizcaíno 2008). Although there appear to be two concentrated areas of striations in 
Dreadnoughtus, minor taphonomic surface disruption prevents definitive separation of 
these insertions. It is also possible this entire striated region was occupied by the Mm. 
puboischiofemorales externi and the M. ischiotrochantericus inserted more distally, but 
there is no evidence for this.  
 
2.4.2.3 Thigh to Distal 
 Mm. femorotibiales – The Mm. femorotibiales has two parts the internus and 
externus in crocodilians that originate from the anterior side of the femur and are divided 
by the M. iliofemoralis insertion with the M. femorotibialis internus the most medial and 
the M. femorotibialis externus the most lateral (Dilkes 1999, fig. 16D; Carrano and 
Hutchinson 2002; Otero and Vizcaíno 2008). There are three heads in birds that also 
originate in close proximity to each other on the anterior surface of the femur (Dilkes 
1999; Otero and Vizcaíno 2008). Thus the number of heads is equivocal in dinosaurs but 
at least two were likely present. As previously mentioned these muscles insert with the 
Mm. ambiens and iliotibialis on the cnemial crest (Carrano and Hutchinson 2002; Otero 
and Vizcaíno 2008). 
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 Both left femora of Dreadnoughtus (MPM-PV 1156-58, MPM-PV 3546-21) 
exhibit striations over a large portion of their anterior surface. Though these striations are 
not demarcated by a distinct linea intermuscularis cranialis (sensu Otero and Vizcaíno 
2008), the medial half probably represent the osteological correlate for the M. 
femorotibialis internus and the lateral half likely correlate to the M. femorotibialis 
externus (Figure 2.8). On the left femur of the holotype (MPM-PV 1156-58), the 
striations for the M. femorotibialis externus encompass a larger area than the striations 
attributed to the M. femorotibialis internus. On the left femur of the paratype (MPM-PV 
3546-21), the M. femorotibialis internus striations extend proximally from one third of 
the way from the distal end of shaft to near where the curve for the femoral head begins. 
In contrast, the striations of the M. femorotibialis externus begin just distal to those of the 
M. femorotibialis internus and continue to the level of the lateral bulge. Also on this 
femur, there are striations proximomedial to the lateral bulge (on the anterior face) that 
may represent a continuation of this muscle, but taphonomic offset of the surface makes 
this difficult to determine. As previously stated, the cnemial crest of both tibiae (MPM-
PV 1156-59,60) are covered with deep striations and the M. ambiens probably inserted 
here with the other knee extensor muscles (Figure 2.6). 
 In Opisthocoelicaudia, Borsuk-Bilaynicka (1977) reports no scarring for the Mm. 
femorotibiales yet reconstructs the origin of these muscles (fig. 17B) on the anterior face 
of the femur. Unlike Opisthocoelicaudia and Dreadnoughtus, a linea intermuscularis 
cranialis is reported in many saltisaurid titanosaurians, including Diamantinasaurus 
(Poropat et al. 2015), Alamosaurus (referred femur) (Wick and Lehman 2014), 
Neuquensaurus, Saltasaurus, Rocasaurus, and Bonatitan (Otero 2010). In 
100
Opisthocoelicaudia and Neuquensaurus, the insertion of this muscle is reconstructed as 
inserting with the Mm. iliotibiales and ambiens, on the cnemial crest (Borsuk-Bialynicka 
1977; Otero 2010).  
 Mm. gastrocnemii – Crocodilians have two divisions of the Mm. gastrocnemii 
(Mm. gastrocnemius interuns and externus) and birds have three (Mm. gastrocnemius 
pars lateralis pars medialis pars intermedia; (Dilkes 1999; Carrano and Hutchinson 2002; 
Otero and Vizcaíno 2008). Thus, the number of divisions is equivocal in dinosaurs, but at 
least two were present. In EPB taxa, the M. gastrocnemius externus originates 
posterolaterally on the distal femur. The M. gastrocnemius internus originates on the 
medial side of the proximal tibia, anteromedially to the combine insertion of the Mm. 
flexor tibialis externus and internus III, in EPB taxa. Both parts of the Mm. gastrocnemii 
insert on the metatarsals and/or phalanges (Dilkes 1999; Carrano and Hutchinson 2002; 
Otero and Vizcaíno 2008). 
 The posterolateral side of the distal end of the femur of the holotype of 
Dreadnoughtus (MPM-PV 1156-58) exhibits striations just proximal to the lateral distal 
condyle which probably correspond to an osteological correlate of the origin of the M. 
gastrocnemius externus (Figure 2.9). This area has been taphonomically deformed to face 
entirely posteriorly, but the surface texture is preserved. This area on the femur of the 
paratype (MPM-PV 3546-21) preserves a likely osteological correlate, but it is adjacent 
to an area of taphonomic deformation, so assignment is tentative. As discussed above, the 
posterior portion of the medial face of the proximal right tibia of the holotype (MPM-PV 
1156-60) exhibits striations, but this osteological correlate likely corresponds to the 
insertion of the Mm. flexor tibialis externus and flexor tibialis internus III and the area of 
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origin of the M. gastrocnemius internus, without any differentiation (Figure 2.7). The 
more anterior portion of this area probably corresponds to the M. gastrocnemius internus. 
Otero and Vizcaíno (2008) reconstruct both origins of the Mm. gastrocnemii in similar 
locations in Neuquensaurus. Only two metatarsals and one ungual are preserved of the 
pes of Dreadnoughtus; therefore the insertion of the Mm. gastrocnemii cannot be 
reconstructed with confidence.  
 M. extensor digitorum longus – Although present in both birds and crocodilians, 
the origin of the M. extensor digitorum longus is difficult to reconstruct in dinosaurs. In 
crocodilians, this muscle originates from the lateral side of the lateral distal femoral 
condyle, and from anteriorly on the cnemial crest of the tibia in birds (Dilkes 1999; 
Carrano and Hutchinson 2002). The insertion of this muscle was on the metatarsals or 
phalanges (Dilkes 1999; Carrano and Hutchinson 2002). Therefore, the attachment 
locations of this muscle are equivocal in dinosaurs. 
 The lateral side of the lateral distal condyle of each preserved femur of 
Dreadnoughtus (MPM-PV 1156-58; MPM-PV 3546-21) is not preserved well enough to 
distinguish an osteological correlate to determine if the M. extensor digitorum longus had 
a crocodilian origin. This area of the holotype (MPM-PV 1156-58) has been disrupted by 
taphonomic rotation of the distal condyles. On the paratype (MPM-PV 3546-21) a piece 
of more distal surface bone has been transported on top of this area by a shear plane. On 
the cnemial crest of both preserved tibiae (MPM-PV 1156-59; MPM-PV 1156-60) there 
is a separated area (fibular tuberculum sensu Harris 2007) of rugose striations that, if 
Dreadnoughtus had a condition similar to birds, could potentially correspond to the 
origin of this muscle. This location is likely not part of an osteological correlate for the 
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common extensor tendon because of its spatial separation and its anterior turn relative to 
the rest of the cnemial pocket. Because the origin of the M. extensor digitorum longus is 
equivocal in dinosaurs and the potential femoral origin cannot be evaluated at this time, it 
is tentatively reconstructed at both potential locations in Dreadnoughtus (Figure 2.6), 
following Dilkes (1999) and Carrano and Hutchinson (2002). This muscle would likely 
have had only one of these origins. Borsuk-Bialynicka (1977) reconstructs an origin of 
this muscle anteriorly on the lateral femoral condyle. Suuwassea also exhibits a fibular 
tuberculum on its tibia, which may correspond to the origin of this muscle (Harris 2007).  
 Metatarsal I preserves a slight rise with small pitting on its dorsolateral distal 
corner. A similar osteological correlate may also be present on metatarsal II, but it is 
difficult to be certain given the overall texturing of this bone. These osteological 
correlates may represent the insertion of the M. extensor digitorum longus (Figure 2.6). 
The proximodorsal corner of pedal ungual I potentially preserves striations that may also 
correspond to this insertion, but some of this surface may be missing. As with the origin 
of this muscle, the insertion is tentatively reconstructed because of conflicting EPB 
support and lack of preservation. 
 
2.4.2.4 Shank to Distal 
 M. popliteus – According to Carrano and Hutchinson (2002, and references 
therein), M. popliteus originates on the tibia and inserts on the fibula in lepidosaurs and 
extant archosaurs. In crocodilians and lepidosaurs, the attachments of this muscle are 
more on the shafts of these bones, and in birds they are restricted more proximally. 
Therefore, precise attachment locations are equivocal in dinosaurs. However, Carrano 
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and Hutchinson (2002) suggest that since the tibia and fibula are closer together in 
Tyrannosaurus than in crocodilians and lepidosaurs, the M. popliteus likely attached 
more proximally, as in birds. 
 Many muscles attach near and on the lateral cnemial crest of the tibia, and this 
area is heavily striated in both preserved tibiae of Dreadnoughtus (MPM-PV 1156-59; 
MPM-PV 1156-60). There are no obvious osteological correlates posterior to the cnemial 
pocket on the lateral face of either tibia, making it difficult to identify a specific area for 
the origin of this muscle. A portion of the striations in the cnemial pocket may 
correspond to the M. popliteus origin; therefore, it is tentatively reconstructed here 
(Figure 2.6). Anteriorly on the medial face of the proximal fibula of Dreadnoughtus is a 
sub-triangular region of striations which is reconstructed as the insertion of the M. 
popliteus. Gomani (2005) reports a triangular region of scarring on the medial surface of 
the proximal tibia in Malawisaurus; as in Dreadnoughtus, this osteological correlate 
likely corresponds to the origin of the M. popliteus (Figures 2.7, 2.9).  
 M. tibialis anterior – The M. tibialis anterior has one head in turtles, lepidosaurs, 
and crocodilians but two heads in birds (Dilkes 1999; Carrano and Hutchinson 2002). 
Thus, the number of divisions of the M. tibialis anterior is equivocal in dinosaurs and its 
close association with the M. extensor digitorum many result in difficulty discerning 
separate osteological correlates if the second head was present. At least one head was 
likely present in dinosaurs. This muscle originates anteriorly on the shaft of the tibia in 
crocodilians (Carrano and Hutchinson 2002) and the lateral side of the cnemial crest in 
birds (Dilkes 1999). The second head of birds originates anteriorly from the lateral 
condyle, similar in location to the origin of the M. extensor digitorum longus in turtles, 
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lepidosaurs, and crocodilians (Dilkes 1999; Carrano and Hutchinson 2002). In 
crocodilians, the M. tibialis anterior joins with the M. extensor digitorum longus to insert 
on metatarsals I through III (Dilkes 1999) or just the M. tibialis anterior inserts on the 
proximal anterior shafts of metatarsals II through IV (Carrano and Hutchinson 2002). The 
insertion of the M. tibialis anterior in birds is on the anteroproximal end of the 
tarsometatarsus (Dilkes 1999). 
 Both tibia of the holotype of Dreadnoughtus (MPM-PV 1156-59; MPM-PV 1156-
60) exhibit striations anterolaterally, just distal to the anterior tip of the cnemial crest. 
These striations likely represent the origin of the M. tibialis anterior (Figure 2.8). The 
equivocal, second head of this muscle would originate from the anterior face of the lateral 
distal condyle of the femur. As this surface is disrupted on both preserved femora (MPM-
PV 1156-58; MPM-PV 3546-21), there is no clear evidence for this muscle division and 
it is not reconstructed. In Opisthocoelicaudia, this muscle is suggested to "cover" the 
lateral face of the tibia (Borsuk-Bialynicka 1977, p.40). Only metatarsal II of 
Dreadnoughtus preserves a probable osteological correlate for the attachment of this 
muscle, in the form of striations, proximally on its anterolateral face (Figure 2.6).  
 M. flexor digitorum longus – In crocodilians, the M. flexor digitorum longus 
originates posterolaterally on the lateral femoral condyle. This muscle originates from the 
tibia and fibula in birds (Dilkes 1999; Carrano and Hutchinson 2002). Evolutionary 
modifications of the distal hind limbs of extant archosaurs complicates EPB comparisons, 
as both birds and crocodilians exhibit reduction in the number of digits. In these taxa, the 
muscle inserts on unguals II, III, and IV (Dilkes 1999; Carrano and Hutchinson 2002); it 
inserts on all five unguals in lepidosaurs (Dilkes 1999). 
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 An osteological correlate for the M. flexor digitorum longus might be expected in 
dinosaurs on the posterolateral femur, slightly lateral to the origin of the M. 
gastrocnemius and just proximal to the lateral distal condyle, based on EPB comparisons. 
Unfortunately, this area does not preserve adequate surface bone to confidently identify 
an osteological correlate in the holotype of Dreadnoughtus (MPM-PV 1156-58), and this 
area is missing surface bone entirely in the paratype (MPM-PV 3546-21). An origin of 
this muscle on the tibia and/or fibula is equivocal in dinosaurs. However, striations are 
present on the medial side of the anteromedial ridge of the fibula of Dreadnoughtus; 
these may correspond to the origin of the M. flexor digitorum longus, so it is tentatively 
reconstructed here (Figures 2.6, 2.8). 
 Only the first pedal ungual of Dreadnoughtus is preserved. The condition in 
lepidosaurs suggests the M. flexor digitorum longus could have inserted on the plantar 
surface of this ungual. Because a distinct flexor tubercle exhibiting pitted texture 
occupies this location on the ungual, the M. flexor digitorum longus insertion is 
reconstructed here (Figure 2.6). If a M. flexor hallucis longus was present (cf. Carrano 
and Hutchinson 2002), it may have attached at this location in addition to, or instead of, 
the M. flexor digitorum longus. 
 In Opisthocoelicaudia and Rapetosaurus, the M. flexor digitorum longus origin is 
reconstructed from the lateral tuberosity of the fibula (Borsuk-Bialynicka 1977; Curry 
Rogers 2009). As mentioned above, based on EPB comparisons, this muscle attachment 
is likely transposed with the insertion of the M. iliofibularis. Therefore, these two 
muscles likely attached in similar locations as reconstructed in Dreadnoughtus. 
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 Mm. fibulares longus et brevis – The Mm. fibulares longus et brevis (Mm. 
peroneus longus and brevis sensu Dilkes 1999) are typically present in extant archosaurs 
(Dilkes 1999; Carrano and Hutchinson 2002). Although there is some variation in the 
origin of these muscles (see Dilkes 1999), at least a portion originated from the lateral 
side of the fibular shaft, distal to the M. iliofibularis insertion. This muscle inserts on the 
calcaneum in crocodilians, on metatarsal V in non-archosaurian reptiles, and 
apeneurotically onto the tarsometatarsus in birds (Dilkes 1999; Carrano and Hutchinson 
2002). Anterolaterally on the fibular shaft of Dreadnoughtus, striations are preserved 
which likely represent an osteological correlate for the origin of the Mm. fibulares longus 
et brevis (Figure 2.6; 2.8). As metatarsal V of Dreadnoughtus is not preserved and no 
ossified calcanea are known for any titanosaurian, the insertion of this muscle is not 
reconstructed. In Opisthocoelicaudia, this muscle is reconstructed as originating on the 
anterior surface of the lateral femoral condyle and inserting on metatarsal V (Borsuk-
Bialynicka 1977). 
 
2.4.3 Noteworthy Comparisons among Sauropoda 
 Several muscles and the presence of their osteological correlate(s) warrant futher 
disscussion. Below, placement and relative development of osteological correlates in 
titanosaurians are related to phylognetic patterns, body size trends, and/or functional 
morphologic variations. These conclusions are provisional: our understanding of these 
and other mylogical trends will become more clear as the mylogy of titanosaurians 
receives further attention. 
 The development of a raised knob on the medial side of the scapula, for origin of 
the M. subscapularis, likely suggests a potential increase in stress applied by this muscle 
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compared to other taxa that lack a raised feature at this location (Ullmann and Lacovara, 
in press). This feature is currently known from several derived titanosaurians (e.g., 
Pitekunsaurus, Aeolosaurus, Dreadnoughtus, Lirainosaurus, Neuquensaurus, Paralititan, 
Saltasaurus; Filippi and Garrido 2004; Ullmann and Lacovara, in press). This feature is 
also present in the diplodocoid Suuwassea, but is much less developed medially, resulting 
in a distinct osteological correlate that is not developed into a knob (Harris 2007). Meers 
(2003) suggests this muscle was likely a stabilizer of the humeral joint and potentially 
adducted the limb (based on its attachment locations) in crocodilians. The geometry of 
this muscle in titanosaurians suggests it may have had a similar function. Its role in 
stabilizing the shoulder joint may have aided in counteracting an increased rotational 
moment at the glenoid associated with wide-gauge posture (Wilson and Carrano 1999). 
That this feature is less well-developed in a narrow-gauge diplodocoid supports this 
hypothesis, but further investigation is needed (i.e., the size difference between 
Suuwassea and taxa such as Dreadnoughtus and Paralititan could also be a confounding 
factor).  
 Additionally, concerning the scapula: this element in Lirainosaurus is described 
(Díez Díaz et al. 2013a) as lacking an acromial ridge (for origin of the M. deltoides 
clavicularis) and a caudoventral process (for origin of the M. scapulohumeralis posterior). 
The former of these muscles was likely an abductor of the humerus and the latter an 
adductor. Underdevelopment of these attachment sites suggests these muscles (or 
potentially in combination with neighboring muscles and their overall stress regime) did 
not induce the required stress for remodeling to produce a ridge, as seen in 
Dreadnoughtus (Ullmann and Lacovara, in press) and many other titanosaurians 
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(Upchurch et al. 2004). Relative underdevelopment of multiple osteological correlates 
suggests a functional difference(s) may likely contribute to these osteological differences. 
Because the development of an osteological correlate for the M. subscapularis (also likely 
an adductor) is greater than that of the correlates mentioned above (Díez Díaz et al. 
2013a), Lirainosaurus may have exhibited a different activation pattern of pectoral 
muscles to accomplish forelimb adduction/abduction (i.e., what muscles are used, their 
proportional use, and timing of activation). Another possibility is that Lirainosaurus may 
have experienced different needs for adduction/abduction due to either environmental 
conditions or its evolutionary history, possibly leading to it employing a slightly different 
locomotor pattern than other titanosaurians. A similar locomotor-related hypothesis is 
suggested by Meers (2003) to explain differences in the development of the origin site of 
the M. triceps longus caudalis in Gavialis gangeticus (gharial crocodile): the unique 
locomotor pattern of this crocodilian may have required this orgin to become larger. 
 The osteological correlate for the M. coracobrachialis brevis ventralis insertion on 
the humerus exhibits variable morphology among titanosaurians, with some exhibiting a 
depression and others a shelf with or without striated texture. It is possible that the M. 
coracobrachialis brevis ventralis attached over a wider area, encompassing the entire 
anterior fossa (e.g., Gorscak et al. 2014; González Riga et al. 2016), yet only enough 
stress was applied to leave scarring in specific location(s) in some species. Despite 
numerous lithostrotian taxa exhibiting an osteological correlate here, there is some 
variation in its expression (i.e., as a shelf or depression). Although there is a slight 
indication from these taxa that more derived titanosaurians exhibit a shelf-like 
morphology (possibly relating to increasingly wide-gauge posture), variability among 
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lithostrotians precludes identification of a clear phylogenetic pattern at this time. 
Investigation of more taxa and clarification of the phylogenetic relationships of basal 
titanosaurians may elucidate this relationship. However, this osteological correlate is 
variably present in humeri of Neuquensaurus (Mannion and Otero 2012), indicating that 
individual variation, sexual dimorphism, and/or ontogeny may factor into the degree of 
development of this osteological correlate. As discussed with other osteological 
correlates, greater development of this insertion suggests greater stress applied at the 
attachment site.  
 Development of a ventrolateral accessory process on the preacetabular lobe of the 
ilium for origin of the M. puboischiofemoralis internus II suggests that significant stress 
was applied at this location. Although Alamosaurus, Giraffatitan, and Dreadnoughtus 
exhibit variable development of wide-gauge posture (cf., Wilson and Carrano 1999; 
Henderson 2006; Lacovara et al. 2014), all are considered to be large-bodied (Benson et 
al. 2014; Lacovara et al. 2014). Of the six largest titanosaurians, only Futalognkosaurus 
and Dreadnoughtus preserve an ilium, and only the latter is reported to have this 
accessory process. Therefore, it is possible this process (as an osteological correlate for 
the origin of a hind limb protractor and adductor; Otero et al. 2010) developed as a result 
of increased stress potentially from an increased moment about the hip joint with 
increased body mass. The bending moment applied to the proximal femur during 
locomotion may also have increased with body mass. Admittedly, taphonomic 
preservation biases against complete preservation of large sauropods results in 
fragmentary remains and extensive missing data (González Riga and Astini 2007; Casal 
et al. 2014), leaving this hypothesis difficult to examine at this time.  
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 Though the origin of the Mm. femorotibiales on the anterior face of the femur in 
Opisthocoelicaudia is described as exhibiting no discernible scarring (Borsuk-
Bialynicka), striations are exhibited here in Alamosaurus (Wick and Lehman 2014) and 
Dreadnoughtus. Alamosaurus, however, also exhibits a linea intermuscularis cranialis 
dividing the Mm. femorotibialis externus and femorotibialis internus origins (Wick and 
Lehman 2014; Otero and Vizcaíno 2008); this ridge is not present in Dreadnoughtus nor 
reported in Opisthocoelicaudia. It is possible this ridge formed in Alamosaurus, and most 
other saltasaurids, as a result of increased stress applied at the origins of the Mm. 
femorotibiales due to beveling of the distal femoral condyles in extreme wide-gauge 
posture. It is intriguing (but as of yet unexplained) why most saltasaurids exhibit a linea 
intermuscularis cranialis but Opisthocoelicaudia does not. 
 
2.5 Conclusions 
 Fifty-three muscles were investigated in this appendicular myological study of 
Dreadnoughtus schrani, four of which could not be reconstructed based on available 
evidence. Comparisons with EPB taxa (crocodilians and avian dinosaurs) were used to 
assign Levels of Inference to each origin and insertion of the 49 reconstructed muscles. 
Numerous osteological correlates are exhibited on the well-preserved and mostly 
complete appendicular skeleton of Dreadnoughtus, allowing the presence of 30 muscles 
to be assigned a Level of Inference of I or II (as opposed to I' or II'). Few myological 
studies have previously been conducted on titanosaurians (Opisthocoelicaudia [Borsuk-
Bialynicka 1977] and Neuquensaurus [Otero and Vizcaíno 2008]), and Dreadnoughtus is 
significantly larger-bodied and less derived than either of these taxa. As a lithostrotian 
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titanosaurian, Dreadnoughtus exhibits wide-gauge posture (widening of stance while 
maintaining columnar posture) in contrast to the extreme wide-gauge posture (with lateral 
inclination of the femur) exhibited by the other two taxa previously reconstructed. During 
the evolution of wide-gauge posture, modifications to the appendicular skeleton occur, 
some of which alter the attachment location or line of action of appendicular muscles. 
With full appendicular reconstructions, we can begin to understand how these 
osteological changes affected the myology and thus locomotion of these enigmatic 
creatures. Basic physics suggests muscles that adduct, such as the Mm. subscapularis and 
puboischiofemoralis internus II, may be important in larger and more wide-gauge taxa to 
counteract the torque at the shoulder and hip joints as a result of increased weight or 
spacing of foot falls further from the body mid-line. For some muscles, such as the M. 
subscapularis, there is evidence of increased stress at attachment sites potentially 
correlated with titanosaurian evolution, whereas in other muscles (e.g., the Mm. 
scapulohumeralis posterior, iliofibularis and femorotibiales) there is not a clear 
phylogenetic or body-size pattern. Body size variation, ontogeny, and/or functional 
differences may obscure phylogenetic patterns. Full appendicular myological 
investigations will help elucidate these answers and build a foundation to study 
locomotor implications of wide-gauge posture. 
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Table 2.1 Summary of (un)equivocal states of the muscles investigated in this study in 
the order they appear in the text. Bold font indicates muscles with an equivocal number 
of divisions. 
 
 
 
Presence 
Unequivocal 
Unequivocal; 
Origin Equivocal
Unequivocal; 
Insertion 
Equivocal 
Unequivocal; 
Origin & 
Insertion 
Equivocal 
Presence 
Equivocal 
M. serratus 
superficialis 
M. serratus 
profundus M. rhomboideus 
Mm. 
costocoracoideus M. levator scapulae 
M. latissimus 
dorsi 
M. deltoideus 
scapularis 
Mm. 
coracobrachialis 
M. deltoideus 
clavicularis M. teres major 
M. 
subscapularis 
M. 
scapulohumeralis 
posterior 
M. biceps brachii M. supracoracoideus M. subcoracoideus 
M. extensor 
carpi ulnaris M. pectoralis 
M. extensor carpi 
radialis 
M. brachialis 
inferior 
M. 
scapulohumeralis 
anterior 
M. pronator 
teres Mm. triceps 
M. flexor carpi 
ulnaris 
M. flexor 
digitorum 
communis 
M. humeroradialis 
M. pronator 
quadratus 
M. 
puboischiofemorales 
internus I 
M. flexor carpi 
radialis 
M. 
ischiotrochantericus 
M. 
puboischiofemorales 
internus III 
M. iliocaudalis 
M. 
puboischiofemorales 
internus II 
M. extensor 
digitorum 
communis 
M. extensor 
digitorum longus 
M. 
puboischiofemoralis 
externus III 
M. 
ischiocaudalis 
M. caudofemoralis 
longus 
M. transversus 
palmaris M. popliteus   
M. 
iliofemoralis 
M. caudofemoralis 
brevis 
Mm. 
gastrocnemius M. tibialis anterior   
M. iliotibialis 
M. 
puboischiofemoralis 
externus I 
  Mm. fibulares longus et brevis   
M. iliofibularis 
M. 
puboischiofemoralis 
externus II 
      
M. flexor 
tibialis 
externus 
Mm. adductor 
femores       
Mm. flexor 
tibialis 
internus 
M. flexor 
digitorum longus       
M. ambiens         
Mm. 
femorotibiales         
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Figure 2.1  Examples of the two most common types of scarring on the appendicular 
bones of Dreadnoughtus schrani. (A) Origin of the M. subscapularis on the medial face 
of the scapula depicting striations (white arrows); (B) Insertion of the M. popliteus on the 
medial aspect of the proximal fibula depicting striations (white arrows); (C) Insertion of 
the M. iliofibularis on the lateral aspect of the fibula depicting pitting (white arrows); (D) 
Insertion of the Mm. puboischiofemoralis internus I, caudofemoralis brevis, and 
caudofemoralis longus on the medial side of the femur of the holotype (MPM-PV 1156) 
depicting pitting (white arrows). 
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Figure 2.2 Lateral view of the left forelimb and shoulder girdle of Dreadnoughtus 
schrani. Black outlines indicate muscle attachments exhibiting scarring texture. Red 
outlines indicate muscle attachments which are reconstructed with a degree of uncertainty 
(either from EPB comparisons, lack of osteological correlate, and/or taphonomic 
deformation). Blue outlines indicate muscles for which presence would be equivocal by 
EPB comparisons alone, but osteological correlates are present at the expected 
attachment location. Upper case labels indicate muscle origins whereas lower case labels 
indicate insertions. Abbreviations: B., Biceps brachii; Cbr. B., Coracobrachialis brevis; 
Delt. C., Deltoideus clavicularis; Delt. S., Deltoideus scapularis; E. C. R., Extensor carpi 
radialis; E. C. U., Extensor carpi ulnaris; E. D. C., Extensor digitorum communis; f. d. c., 
flexor digitorum communis; H., Humeroradialis; lev. s., Levator scapulae; Pr. Q., 
Pronator quadratus; Sc., Supracoracoideus; ser. s., Serratus superficialis; Sh. A., 
Scapulohumeralis anterior; Sh. P., Scapulohumeralis posterior; Tr., Triceps. Scale bar 
equals 1 m. 
  
120
 
 
 
 
121
Figure 2.3 Medial view of the left forelimb and shoulder girdle of Dreadnoughtus 
schrani. See Figure 2.2 caption for explanation of the outlines. Upper case labels indicate 
muscle origins whereas lower case labels indicate insertions. Abbreviations: b., Biceps 
branchii; br., Brachialis inferior; csc., costocoracoideus; F. C. R., Flexor carpi radialis; F. 
C. U., Flexor carpi ulnaris; Pr. T., Pronator teres; Sbs., Subscapularis; ser. s., Serratus 
superficialis; ser. p., Serratus profundus; tr., Triceps. Scale bar equals 1 m. 
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Figure 2.6 Lateral view of left hind limb of Dreadnoughtus schrani. The following bones 
have been mirrored from the right side for the figure: ilium, tibia, metatarsal I, metatarsal 
II, and pedal digit I ungual. See Figure 2.2 caption for explanation of the outlines. Upper 
case labels indicate muscle origins whereas lower case labels indicate insertions. 
Abbreviations: Add. F., Adductor femoris; Amb., Ambiens; E. D. L., Extensor digitorum 
longus; f. d. l., Flexor digitorum longus; fmt. e., Femorotibialis externus; fmt. i., 
Femorotibialis internus; F. L. B., Fibulares longus et brevis; F. T. E., Flexor tibialis 
externus; F. T. I. 3, Flexor tibialis internus III; Ilc., Iliocaudalis; ilfem., Iliofemoralis; 
ilfib., Iliofibularis; Iltib., Iliotibialis; I. S. C., Ischiocaudalis; ISTR., Ischiotrochantericus; 
pif. e., Puboischiofemoralis externus; Pif. E.1, Puboischiofemoralis externus I; Pif. E. 2, 
Puboischiofemoralis externus II; Pif. E. 3, Puboischiofemoralis externus III; Pif. I. 1, 
Puboischiofemoralis internus I; pif. i. 2, Puboischiofemoralis internus II; Pop., Popliteus; 
tib. a., Tibialis anterior. Scale bar equals 1 m. 
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Figure 2.7 Medial view of left hind limb of Dreadnoughtus schrani. The following bones 
have been mirrored from the right side for the figure: ilium, tibia, metatarsal I, metatarsal 
II, and pedal digit I ungual. See Figure 2.2 caption for explanation of the outlines. Upper 
case labels indicate muscle origins whereas lower case labels indicate insertions. 
Abbreviations: Cf. B., Caudofemoralis brevis; cf. l., Caudofemoralis longus; e. d. l., 
Extensor digitorum longus; f. t. e., Flexor tibialis externus; f. t. i. 3, Flexor tibialis 
internus III; G. C. I., Gastrocnemius internus; Pif. I. 1, Puboischiofemoralis internus I; 
Pif. I. 2, Puboischiofemoralis internus II; pop., Popliteus. Scale bar equals 1 m. 
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CHAPTER 3: NOVEL APPLICATION OF A BIOMECHANICAL MODELING 
METHOD: USING ADAMSTM TO STUDY EXTINCT ORGANISMS  
 
3.1 Abstract 
 Biomechanics of nonavian dinosaurs captures the interest of paleontologists, 
engineers, and the general public. Previous biomechanical analyses by paleontologists 
have largely been qualitative in nature (e.g., comparisons of bite force) or have included 
many assumptions for which the effects have not been tested (e.g., effects of cartilage, 
simplifying joint motion). Few also include validation studies. This chapter describes a 
novel application of a digital method using MSC ADAMSTM, a dynamic simulation 
program, for investigating the biomechanics of extinct organisms. The method presented 
is an adaptation of a modeling procedure originally developed to study biomechanics of 
the human ankle. This modeling procedure differs from many commonly used methods in 
previous studies of dinosaur biomechanics, in that it uses contact forces, unrestricted joint 
motion defined by bone morphologies (rather than imposing constraints such as a hinge), 
and includes validation with extant taxa (allowing common modeling assumptions to be 
tested). As a case study, the method was applied to flexion of the left elbow of the 
recently described sauropod dinosaur Dreadnoughtus schrani. Dreadnoughtus was used 
as a case study because of its overall skeletal completeness, minimal taphonomic 
deformation to the shoulder girdle and forelimb bones, and, because it is a giant 
titanosaurian sauropod, study of this taxon allows investigation of weight support and 
locomotion in one of the largest organisms to have walked on land. Development of this 
model has revealed the possible presence of a spherical anterior projection of cartilage on 
the distal humerus providing articulation with the radius during flexion. The method 
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described herein can be applied to other extinct organisms and more complex systems 
(e.g., axial column, multiple joints) to aid in understanding the biomechanics of extinct 
creatures not previously possible. Better understanding of sauropod biomechanics, 
especially of giant titanosaurians, may also provide insights into biology-inspired 
engineering designs for large load transportation machines. 
 
3.2 Background 
 
3.2.1 Description of Dreadnoughtus 
 Dreadnoughtus schrani is a mostly complete, well-preserved, giant lithostrotian 
titanosaurian sauropod dinosaur (Lacovara et al. 2014). Unlike many titanosaurians 
(especially the largest), which are only known from fragmentary remains (Upchurch et al. 
2004; Sander et al. 2011; Lacovara et al. 2014), Dreadnoughtus is represented by a 
mostly complete skeleton. As a titanosaurian (Lacovara et al. 2014), Dreadnoughtus 
exhibits wide-gauge posture, in which it retains columnar posture with footfalls spaced 
away from the body mid-line (Wilson and Carrano 1999). In addition to exhibiting wide-
gauge posture, titanosaurians are intriguing as they include the largest terrestrial 
organisms yet discovered, as well as smaller (elephant-size) species (Wilson 2006). 
Although it has been suggested that wide-gauge posture could be related to giant body 
size (Wilson and Carrano 1999), wide-gauge features are not correlated with body size in 
titanosaurian phylogenetics and the evolutionary driver(s) of wide gauge posture remain 
unknown (Sander et al. 2011; Ullmann and Lacovara in press). Together, wide-gauge 
posture and gigantism make titanosaurian biomechanics a unique system to study, and as 
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a large-bodied and moderately derived titanosaurian, Dreadnoughtus can serve as an 
informative case study. Adequate weight support is essential to the evolution of 
gigantism and may be, in part, associated with cartilaginous aspects of joint morphology 
(Holliday et al. 2010; Bonnan et al. 2013).   
 
3.2.2 Extant Phylogenetic Bracketing in relation to modeling 
 As discussed in Chapter 2, soft tissues do not frequently preserve in the fossil 
record. However, noteworthy examples include a few reports of exceptional preservation 
of muscles (Martill 1988, 1990; Kellner 1996), ligaments (Woodruff et al. 2016), tissue 
linings (McNamara et al. 2009), and articular cartilage (Schwarz et al. 2007; Mallison 
2010b). Fossilization alters the material properties of these soft tissues and bone, making 
them difficult to model (Rayfield 2007). The material properties of a substance describe 
its behavior under different conditions and can be determined only for extant taxa 
(Rayfield 2007). Therefore (as in Chapter 2), it is imperative to use extant phylogenetic 
bracketing (EPB) as it allows inferences about soft tissues to be made under strict, 
taxonomically-based guidelines (Witmer 1995, 1997). As much as possible, EPB taxa for 
dinosaurs (crocodilians and birds, as in Chapter 2) were used to constrain the material 
properties and soft tissue features used in this model. Neither crocodilians or birds are 
perfect analogs; hence, it is likely that material properties from either of these groups do 
not exactly match those of dinosaurs (Rayfield 2007), adding uncertainty to modeling. 
Rayfield et al. (2001) suggest, in addition to using EPB taxa, modeling organisms that 
possess similar tissue material properties, even though they may be more 
phylogenetically distant, to achieve a range of possibilities for an extinct organism. For 
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example, they suggest that mammalian bone properties should also be modeled for 
dinosaurs as both show rapid rates of growth, thereby producing a range of values more 
likely to include those of dinosaurs (Rayfield et al. 2001). In addition, extant mammals 
include those that are more massive than extant archosaurs (Benson et al. 2014), thus 
better approximating absolute constraints on the massive, terrestrial titanosaurians. 
 
3.2.3 Material properties for modeling extinct taxa 
Most biological soft tissues, including ligaments, are considered viscoelastic 
materials for which the amount of deformation and recovery depend on the rate of force 
loading and unloading (Özkaya and Leger 2012; Rayfield 2007). Though muscle forces 
are difficult to determine in extinct organisms, several methods have been advanced by 
previous authors (e.g., Witmer 1995; Sellers and Manning 2007; Bates et al 2012; 
Snively et al. 2013) to approximate these values. In extant organisms, the cross-sectional 
area of a muscle can be used to estimate the force it exerts upon contraction (e.g., Arbour 
2009; Bates et al. 2012). As muscle tissues are not preserved in extinct organisms, like 
Dreadnoughtus, one possibility is to estimate the area of each attachment and create a 
cylindrical object spanning between attachment sites, with the area of each end 
corresponding to the area of the attachment site; a cross-sectional area can then be 
estimated from the middle of the cylindrical object (Bates et al. 2012). However, 
estimating muscle forces is problematic as: 1) a muscle does not always leave an 
osteological correlate over the entire area of attachment (Bryant and Seymour 1990; 
Dilkes et al. 2012) and; 2) the force a muscle exerts does not always scale with 
attachment size (Bryant and Seymour 1990; Dilkes et al. 2012). Therefore, attachment 
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area does not always provide an accurate estimate of muscle force (Carrano and 
Hutchinson 2002; Dilkes et al. 2012). Additional factors, such as pennation angle, muscle 
fiber length (Lorenz and Campello 2012), and proportional amount of collagen within 
tendons (Bryant and Seymour 1990, and references therein) also influence the maximum 
force exerted by a muscle. All estimation methods depend on inherent assumptions, 
forcing the modeler to choose which method provides the best approximation, based on 
the question(s) asked. 
 
3.2.4 ADAMSTM basics 
 The computer modeling software employed in this study, ADAMSTM by MSC 
Software Corporation, is a multi-body dynamics simulation program. Objects, such as 
bones, are modeled as rigid bodies (called links), which move according to the forces 
applied to them and are constrained by the motion of other rigid bodies in contact with 
them (MSC Software Corporation 2013). As reviewed by Imhauser (2004) and 
McConville (2015), ADAMS calculates the motion of objects through time by solving 
non-linear ordinary differential equations for each single time step by using the previous 
time step to predict the next time step. Then, corrector formulae are applied, using an 
implicit method of difference relationships to estimate error in the solution. If the error is 
above a threshold, the solution will be rejected and recalculated with a smaller time step. 
Once a solution for a time step is accepted, it moves to the next time step, until all are 
completed. Additionally, Markers in ADAMS can be used to describe motion in the 
context of Grood and Suntay parameters (standard biomechanical reference frames; 
Imhauser et al. 2008). 
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 3.2.5 Description of Grood and Suntay parameters 
In 1983, Grood and Suntay developed a joint coordinate system for the human 
knee to facilitate discussions between engineers and physicians. Anatomical features are 
used to orient the coordinate system so that its planes align with biologically significant 
motions. In the decades since, Grood and Suntay parameters have been expanded to other 
joints and become a standard in biomechanical modeling (Siegler et al. 2005). In detail, 
the method assigns two perpendicular axes fixed in the objects under consideration; a 
third "floating axis", which is perpendicular to the first two axes, is determined by the 
cross-product of the unit vectors of the fixed axes (Grood and Suntay 1983, p.137). 
Displacement of these axes from reference lines allows any joint rotation and translation 
to be calculated.  
 
3.2.6 Previous modeling of extinct organisms 
Various techniques have been used to model the biomechanics of dinosaurs, both 
with and without accounting for unpreserved cartilage. Although we agree that caution 
should be employed when using preserved bony articular surfaces to infer function in 
extinct taxa (Bonnan et al. 2010; Holliday et al. 2010), many studies have either not 
considered the role of cartilage (e.g., Sellers and Manning 2007; Snively et al. 2013; 
Vargas-Peixoto et al. 2015), discussed the importance of cartilage in a merely qualitative 
manner (e.g., Bonnan 2004; Mallison 2010a), or modeled articular cartilage with an 
arbitrary thickness (e.g., Senter and Robins 2005). Some studies, such as Senter and 
Robins (2005), Mallison (2010a), Pierce et al. (2012), and Vargas-Peixoto et al. (2015) 
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have investigated range of motion (ROM) of joints and their functional implications in 
extinct taxa. Mallison (2010a) used Rhinoceros® NURBS (McNeel Associates Inc.) to 
model and measure the ROM of all joints (the entire skeleton) of Plateosaurus 
engelhardti by moving digitized copies of the bones until they were out of articulation or 
bone-on-bone contact occurred. Pierce et al. (2012) used a similar method in SIMM 
(Software for Interactive Musculoskeletal Modeling, Musculographics Inc.) to model 
ROM of the shoulder, elbow, hip, and knee of Ichthyostega, incrementally moving 
digitized bones until the joint became disarticulated or bones intersected. Vargas-Peixoto 
et al. (2015) and Senter and Robins (2005) used manual manipulation to determine range 
of motion of the forelimb and girdle of the sauropodomorph Unaysaurus tolentinoi and 
the theropod Acrocanthosaurus atokensis, respectively.  
Moment arms, the perpendicular distance from a muscle line of action to the 
center of rotation of a joint (An et al. 1984), have also been modeled to estimate the 
relative amount of torque applied by a particular muscle and its potential function. They 
can be calculated over the ROM for a joint and allow inference of similarities or 
differences among taxa in muscle function, stance, gait, and locomotion (Maidment et al. 
2013). Muscle moment arms have been frequently modeled in dinosaurs (e.g., 
Hutchinson et al. 2005; Bates et al. 2012; Fujiwara and Hutchinson 2012; Maidment et al. 
2014). Recently, however, Hutchinson et al. (2015) suggested caution when using 
moment arms to infer biological consequences in extinct taxa as their importance and 
relationship to muscle function, stance, gait, and locomotion in extant taxa remain poorly 
understood. 
137
 Additionally, many biomechanical studies have used finite elements analysis 
(FEA) to model the distribution of stress applied by a force(s) related to a particular 
biological function. Different programs have been used for FEA analyses of extinct 
organisms, including ANSYS (ANSYS Inc.; e.g., Witzel 2005; Hohn-Schulte et al. 
2013), Strand7 (Strand7 Pty. Ltd.; e.g., Arbour and Currie 2012), ALGOR V19 (Fempro; 
e.g., Moreno et al. 2007), and ABAQUS CAE 6.6 (Abaqus Inc.; e.g., Manning et al. 
2009). These programs have been used to investigate, for example, aspects of feeding, 
including cranial sutures (Rayfield 2005), bite force (Cox et al. 2015), and ungual use in 
catching prey (Manning et al. 2009). In a groundbreaking study, Witzel (2005) used FEA 
to recreate the skull of the sauropod Diplodocus longus by modeling predicted biological 
forces on an originally rectangular prism. FEA has also been used to better understand 
locomotor capabilities of the stem-tetrapod Tiktaalik roseae (Hohn-Schulte et al. 2013), 
ornithopod pedal phalanx evolution (Moreno et al. 2007), and the formation of sauropod 
trackways (Falkingham et al. 2011). 
 Probable gait patterns have also been investigated for select extinct organisms. 
For example, Maidment et al. (2012) used limb-bone scaling to assess which large 
ornithischian dinosaur clades exhibited appendicular morphologies most suited for 
cursoriality. Additionally, Dilkes (2001) used morphometrics to determine the probable 
stance of juvenile and adult Maiasaura peeblesorum, whereas Gatesy et al. (2009) used 
constraint-based exclusion to determine mid-stance hind limb posture of four theropod 
dinosaurs. Multi-body dynamics and genetic algorithms have been used to estimate 
running speeds of bipedal theropods (Sellers and Manning 2007; sensitivity tested for 
Allosaurus by Bates et al. 2010) using GAITSYM and the open source library Open 
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Dynamics Engine (original author Russell Smith). Sellers et al. (2013) also modeled the 
gait of Argentinosaurus huinculensis using an updated version of GAITSYM. This model 
was more complex (including modeling of an entire skeleton, muscle masses, muscle 
forces, and muscle fiber lengths), yet it included several significant simplifying 
assumptions, such as the body being grouped into segments, constraints on joint motions, 
and muscles were combined for a total of 19 "groups" per side (Sellers et al. 2013, p.12). 
Another multi-body dynamics method was used by Snively et al. (2013) to model the 
feeding apparatus of Allosaurus; this is the only previously published study to model 
dinosaurs with ADAMS. Unlike the method described in this chapter, Snively et al. 
(2013) constrained the motion of joints, did not use contact forces, and modeled muscles 
as line-of-sight vectors (forces with magnitudes and directions). Though Snively et al. 
(2013) used ADAMS, the specifics of their model (as compared to the method described 
herein) required certain assumptions concerning extinct organisms that are unnecessary 
using the method described herein. This demonstrates the versatility of ADAMS. 
 
3.2.7 Importance of articular cartilage in biomechanical modeling 
 Because articular cartilage normally does not preserve in the fossil record, 
relatively little is known about dinosaurian articular cartilage and inferences must be 
drawn from other sources, especially extant taxa (Bonnan et al. 2010; Fujiwara et al. 
2010; Holliday et al. 2010; Bonnan et al. 2013; Malda et al. 2013). The structure of 
articular cartilage is important to its function in extant taxa (Hung and Mow 2012). By 
definition, articular cartilage is the tissue covering bone in the joints of an organism that 
facilitates motion and transfer of load (Fox et al. 2009). The extracellular matrix (ECM) 
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that surrounds articular cartilage cells consists of proteins produced by the cells, such as 
collagen II, and proteoglycans, with water filling much of the free space in the ECM 
(Hung and Mow 2012). As a load is applied to articular cartilage, it is compressed, 
forcing water out of the cartilage. With an increase in load, more water enters the ECM 
and the proteins in cartilage are forced closer together, increasing its resistance to further 
compression. Water in the ECM lubricates the joint, and when the load is reduced it 
flows back into the cartilage (Hung and Mow 2012). As cartilage is avascular in most 
vertebrates (see Rhodin et al. 1996 for an exception), movement of water in and out of 
the tissue permits the transfer of nutrients and waste to and from the chondrocytes (Hung 
and Mow 2012).  
 Understanding the function and morphology of cartilage in an extinct taxon is 
important for clarifying higher-level functions of the organism. Misunderstanding of 
articular cartilage has likely led to erroneous biomechanical conclusions in the past; for 
example, based partially on hypothesized thick articular cartilage in sauropod limbs, it 
was long assumed that they lived primarily in water (Holliday et al. 2010, and references 
therein). Articular cartilage influences joint range of motion and the height or length of 
an organism. In turn, these factors influence other biological calculations of interest in 
paleontology, such as walking or running speed (e.g., Hutchinson et al. 2005; Sellers and 
Manning 2007; Holliday et al. 2010). Accordingly, previous authors have attempted to 
reconstruct articular cartilage of dinosaurs using comparisons with EPB taxa (e.g., 
Fujiwara et al. 2010; Holliday et al. 2010; Bonnan et al. 2010, 2013) and mammals 
(Coombs 1975). Researchers have previously reported wide variation in cartilage 
thickness among dinosaurs. Bonnan et al. (2010) used 2D geometric morphometrics to 
140
investigate change in shape between bony and cartilaginous articular surfaces in weight 
bearing bones (humeri and femora) of three species of extant archosaurs. They found less 
change in total length between bone-only and cartilage-covered bone in larger adults of 
each species tested (Bonnan et al. 2010). Additionally, the general shape of articular 
cartilage and the underlying bone surface were found not to be significantly different in 
adults (when examined in anterior view for the humerus and posterior view for the 
femur). Greater variation was found for the humerus than the femur, which Bonnan et al. 
(2010) suggested may be the result of greater stress on the femur, causing its bony and 
cartilaginous surfaces to be more similar in shape. 
 Holliday et al. (2010) also investigated the relationship between articular cartilage 
and bone shape using linear measurements in five species of extant archosaurs. Similar to 
Bonnan et al. (2010), Holliday et al. (2010) found changes in cartilage-capped versus 
bone-only lengths to vary slightly between taxa. In general, estimates of change in total 
length by Holliday et al. (2010) were similar to Bonnan et al (2010), but slightly greater. 
Holliday et al. (2010) suggested that, though differences in limb length when accounting 
for cartilage only moderately affect height and speed estimates of dinosaurs, there was 
potentially a greater affect on joint morphology, posture, and complex kinematics 
(Holliday et al. 2010). Additionally, they suggested that if their cartilage estimates are 
accurate for large extinct archosaurs such as sauropods, articular cartilage in these 
organisms may have been too thick for locomotion-driven diffusion to provide nutrients 
to all the cells, implying that vascular canals may have been present (Holliday et al. 
2010). Vascular canals have been reported in an extant turtle supporting this possibility 
(Rhodin et al. 1996). 
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 Variation in articular cartilage thickness with body mass is also poorly understood 
(Malda et al. 2013). Contrary to previous studies, Malda et al. (2013), found that articular 
cartilage thickness of the distal femoral condyles and density of chondrocytes for 58 
species of mammals exhibit negative allometry with body mass, yet protein content is 
relatively constant. They suggested that changes in surface area, articulation, posture, and 
activity patterns may compensate for these differences in cartilage to achieve a similar 
biomechanical function in large bodied taxa (Malda et al. 2013). Bonnan et al. (2013) 
also investigated the relationship between articular cartilage thickness and body mass in 
mammals and archosaurs using 2D geometric morphometrics. In agreement with Malda 
et al. (2013), Bonnan et al. (2013) found mammalian cartilage decreases in thickness with 
increasing body mass. Additionally, mammalian joints were found to be more congruent 
with increasing body size, whereas archosaurian joints (including those of dinosaurs) 
exhibit expanded surface areas while cartilage thickness remains relatively constant 
(Bonnan et al. 2013). These differing patterns of dealing with stress at a joint were 
suggested to potentially have allowed, and possibly constrain, the evolution of gigantism 
in each group (Bonnan et al. 2013).  
 Fujiwara et al. (2010) investigated articular cartilage shape in the elbow of 18 
non-mammalian species of terrestrial vertebrates (crocodilians, avian dinosaurs, 
squamates, and turtles) and its relation to elbow ROM. They reported the presence of a 
mostly cartilaginous intercotylar process in most extant archosaurs that limits elbow 
extension (Fujiwara et al. 2010). Greater variation was observed in the range of shapes of 
articular cartilage and calcified cartilage in crocodilians than in avian dinosaurs. From 
this finding, Fujiwara et al. (2010) suggested it might be difficult to estimate ROM in 
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non-avian dinosaurs because of the predicted discrepancy between articular cartilage and 
calcified cartilage (bony) surfaces. However, Hutson and Hutson (e.g., 2012, 2013, 
2015), investigated the effect of sequential removal of soft tissues from the elbow and 
shoulder joints of crocodilians. Their repeated measures studies have found that the 
presence of soft tissues (e.g., muscles) decreases potential joint ROM, whereas the 
presence of articular cartilage frequently increases ROM relative to bone-only ROM 
(e.g., Hutson and Hutson 2012, 2013, 2015). A more recent study of extinct archosaurs 
used this generalization to predict that collected bone-only ROM data are underestimates 
(e.g., White et al. 2015), but this assumption disregards possible taxon- or joint-specific 
deviations from this non-universal pattern that may be important in joint function.  
 In future applications of biomechanics to extinct organisms, the above 
investigations highlight the importance of including articular cartilage. A combination of 
quantitative methods, such as those used by Hutson and Hutson (2012, 2013, 2015), with 
detailed investigation of specific shape features of articular cartilage, such as done by 
Fujiwara et al. (2010), is needed to constrain reconstructions of cartilaginous structures 
that are necessary for modeling realistic joint motion. 
 The goal of this project was to develop a method to study various aspects of 
dinosaur joint kinematics (specifically differences in cartilage shape and thickness) using 
MSC ADAMS adapted from the method of Imhauser et al. (2008). This method is based 
on different and fewer assumptions than other biomechanical methods currently used to 
model extinct taxa. The elbow joint of the titanosaurian sauropod Dreadnoughtus schrani 
is used as a case study. The results, when analyzing extinct taxa, will always be 
approximations of the reality that once existed. But the results can be iteratively 
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improved to reach a reasonable approximation(s). Accordingly, the intent of this study is 
to estimate a reasonable approximation for the dinosaur based on a set of a priori 
modeling parameters (e.g., material and mechanical properties), alter those parameters, 
and re-evaluate the model to understand the effects of the parameters and assumptions 
made during modeling. 
 
3.3 Method Summary 
 
3.3.1 Original ADAMSTM model 
 Dr. Sorin Siegler and his working group at Drexel University study human ankle 
biomechanics and have developed a method to collect individual morphologies via 
magnetic resonance imaging (MRI) and use them as inputs for modeling (Siegler et al. 
2005; Imhauser et al. 2008; Fassbind et al. 2011). Their method does not use simplified 
mechanical joint analogues but instead constrains motion by modeling ligaments and 
cartilage contact (Imhauser et al. 2008). Motion in the model is described using finite 
helical axis rotations and Grood and Suntay parameters (Siegler et al. 2005; Fassbind et 
al. 2011). Individual morphological variations are captured, allowing determination of 
related functional differences both in the model and in vivo (Siegler et al. 2005; Imhauser 
et al. 2008). These studies have shown that individualized rather than generalized 
treatments may provide more clinical benefits because of variation in human ankles. 
 Use of this method in paleontology allows the modeling of joints of extinct 
organisms without assuming and simplifying their motions. This is an important 
difference from previous biomechanical modeling of extinct organisms, which either 
144
simplify the limb motion path (i.e., as a hinge) or dictate its motion path a priori. Such 
simplifications to the motion of a joint of extant organisms has lead to erroneous 
conclusions (Andriacchi et al. 1986; Inglis and Walker 1991; Pour et al. 2007). For 
example, the human knee joint has often been modeled as a simple hinge (the first knee 
replacements reflected this), but this has been found to be an over-simplification of actual 
knee motion (Andriacchi et al. 1986, and references therein; Pour et al. 2007). This 
simple hinge-type of knee replacement is not adequate for all patients, and today there are 
more biologically-accurate prosthesis alternatives (Inglis and Walker 1991; Pour et al. 
2007). Siegler et al. (2013) have discovered a similar inconsistency with traditional 
modeling of the talar dome of the ankle. They found that a truncated, saddle-shaped cone 
with its apex oriented laterally could more accurately model this feature, in contrast to 
traditional models of the talar dome (Siegler et al. 2013). It was suggested this aspect 
should be considered in future biomechanical studies and in future clinical applications 
(Siegler et al. 2013). This finding exemplifies the importance of rigorous testing of 
simplifying assumptions in joint modeling. If intricate details of shape and joint motion 
are important to include in biomechanical modeling of joints in living taxa, their 
importance should at least be tested for extinct organisms to potentially support 
assumptions simplifying joint motion. 
 
3.3.2 Case Study: Dreadnoughtus elbow 
 Dreadnoughtus is a good candidate for a biomechanical study in which the 
morphology of the fossils is critical because 70% of the postcranial skeleton is preserved 
(Lacovara et al. 2014). At least one of every major limb bone is preserved with the 
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exception of most of the manus and pes (Lacovara et al. 2014). The left elbow was 
chosen specifically for this case study because: 1) elbow and knee morphologies are more 
evolutionarily conserved in tetrapods than the hip and shoulder joints (Hogervorst et al. 
2009); 2) not all of the bones necessary to model the wrist or ankle joints are preserved, 
and; 3) the humerus, radius, and ulna of Dreadnoughtus exhibit less taphonomic 
deformation and better surface bone preservation than the femur, tibia, and fibula, 
including the presence of well defined osteological correlates for muscle attachment 
(Ullmann and Lacovara in press; see Chapter 2 for discussion of osteological correlates). 
Together, these factors reduce the assumptions required during modeling, creating a more 
parsimonious model. 
 
3.3.3 Material properties used in model 
 Material properties were derived from EPB taxa as frequently as possible. As 
Rayfield et al. (2001) suggested, using mammalian material properties may, in some 
cases, be more accurate for modeling of dinosaurs than using those from extant 
archosaurs. Therefore, the model herein may benefit from its occasional use of non-
archosaurian material properties, relied upon in the absence of archosaurian proxies. An 
average bone density of 1,780.0 kg/m3, derived from American Alligator (Alligator 
mississippiensis: 1,770.0 kg/m3; Zapata et al. 2010) and chicken (Gallus gallus: 1,790.0 
kg/m3; Rath et al. 1999), is used to calculate the mass of all modeled bones. The mass of 
each cartilage element is based on Yamada's (1973) average estimate of 1,300 kg/m3. 
Additionally, dissections of three elbows of Alligator mississippiensis revealed the 
presence of three ligaments: a left and right collateral ligament and a central ligament. 
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There are no definitive osteological correlates for these ligaments in Dreadnoughtus, but 
they are modeled as attaching to similar geometric locations. Occasionally, parameters of 
modern proboscideans (elephants) are also considered as they are functionally more 
similar to sauropods than extant archosaurs (Carrano 2005) because of erect posture (not 
splayed) and an adult mass of over 3,000kg (Ren et al. 2008). The range of motion 
studied in this model falls within the range of flexion of the elbow used during 
locomotion by elephants (Elephas maximus and Loxodonta africana; Ren et al. 2008). 
 
3.3.4 Description of method 
 Though the basic methods of Imhauser (2004) and Imhauser et al. (2008) are 
modified for modeling an extinct taxon, the workflow remains the same: 1.) digitize 
bones, 2.) simplify the digital bones and build articular cartilages in Geomagic® 
(3DSystems), 3.) build ADAMS joint models, and 4.) test and iterate the models. This 
general process was used for all models constructed herein (dinosaur and EPB models). 
Names of tools are reported as they appear in their respective programs. 
 Fossil and EPB bones are first 3D laser scanned. For these models, a NextEngine 
Desktop 3D Laser Scanner was used. The scan files are then exported as STL files and 
imported into Geomagic®. For the fossil bones, the original point cloud density was too 
high for ADAMS to manage, so it was reduced in Geomagic®. To reduce simulation 
times in ADAMS (Imhauser 2004), the point density of each shaft is then reduced to half 
the point density of the articular ends because the geometry of the shaft is less crucial to 
the kinematics of the joint. 
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 The articular cartilage of Dreadnoughtus was not preserved, it had to be recreated 
in order to study its effect on joint motion. Because dinosaurian cartilage thickness values 
vary in the literature (e.g., Coombs 1975; Bonnan et al. 2010) and it is simpler to model 
less material and iteratively add more, I used a starting minimum estimated articular 
cartilage thickness of 2% of total bone length (based on the 4% of total bone length for 
both cartilage pads observed by Bonnan et al. 2010). Using this estimate for dinosaurs 
assumes that a similar change in length would have been observed with removal of 
articular cartilages in dinosaurs as in adult extant archosaurs. As a minimum estimate, it 
potentially underestimates the thickness of articular cartilage in the elbow of 
Dreadnoughtus; furthermore, the subadult status of the holotype (Schroeter 2013; 
Lacovara et al. 2014) suggests thicker and less congruent (with bone shape) articular 
cartilage may have been present than if it was a full adult (Bonnan et al. 2010; Holliday et 
al. 2010). 
 To build this initial 2% cartilage in Geomagic®, each bone model is duplicated, 
displaced proximally by 2% of its proximodistal length, and the other overlapping 98% is 
removed using a Boolean operation. A shell is then left of the articular end of the bone 
(Figure 3.1A). This shell is then enclosed with the Fill Holes tool. Next, this filled 
articular end is subtracted from the original (non-displaced) bone model using a Boolean 
subtraction tool, yielding a solid cartilage pad whose proximal and distal ends perfectly 
match the articular shape of the bone (Figure 3.1B). ADAMS cannot directly import 
these files until the sharp edges (created as a result of the Boolean subtractions) are 
removed. After removing these sharp edges, the articular surfaces of each cartilage pad 
are also smoothed to remove scanning artifacts by using the Remove Spikes and Reduce 
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Noise tools (Figures 3.1C–D). Cartilage pads for models of extant taxa are created using 
the same method. The geometry of the actual extant cartilage is also captured by laser 
scanning for validation testing (discussed below). These files will likely require minor 
modifications to reduce point density and noise (as above). Geomagic® proximity maps 
(discussed below) are used to determine appropriate smoothness levels for the cartilage 
pads while preserving original morphology. 
 Geomagic® and ADAMS use the same coordinate system allowing seamless 
transfer of rigid body files and positional data. Because manipulation of bone models is 
more easily accomplished in Geomagic®, this program is used to identify the coordinates 
for muscle and ligament attachments as well as the center of rotation for the joint. 
Markers are then added at these specific coordinates and associated with the bones in 
ADAMS to dictate and track limb motion. 
 To build an ADAMS model for each taxon, bone and cartilage files are imported 
as Rigid Body Links and their densities are entered to calculate their masses. Cartilage 
pads are then fixed to their respective bones with Lock Joints (Figure 3.2A). Lock Joints 
are also used to fix the position of the humerus to Ground and to fix the radius and ulna 
to each other. Since sauropods are hypothesized to have had limited pronation/supination 
abilities (see discussion in Chapter 2 section 2.4.1.3; Bonnan 2003), the model is 
simplified by having these elements function as a single unit. Keeping the radius and ulna 
as separate, but fixed, allows easier adjustment of their individual properties and 
morphologies while simultaneously simplifying the model (by not investigating any 
motion that may have occurred between them). Contact forces are added between 
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cartilage pads and between cartilage pads and bones with an Exponent value of 0.7, 
Stiffness value of 1000, and Damping value of 10. 
 Muscles are modeled as One Body Fixed in Space forces with the Action Body 
being the bone hosting the origin of the muscle and the Reaction Body as the bone 
hosting its insertion. This creates a force along the line of action of the muscle which 
brings the insertion closer to the origin during simulation (e.g., red arrows in Figure 
3.2B). For the models presented herein, the Mm. biceps brachii, brachialis inferior, and 
humeroradialis are used to flex the limb. The attachment locations were determined based 
on EPB comparisons and presence of osteological correlates (see Chapter 2.4.1.3). The 
amount of force applied by a muscle is not calculated based on any attribute(s) of 
preserved osteological correlates. Instead, muscle forces are modeled as the minimum 
required to flex the limb to 90°. Again, based on elephant range of motion studies (Ren et 
al. 2008), this amount of flexion is a reasonable estimate for a sauropod. I do not 
hypothesize the elbow flexed to this degree during normal gait; such a determination is 
beyond the scope of this investigation. Individual muscle forces are modeled with a STEP 
function to reduce simulation errors (resulting in no solution) from a spike(s) in force 
values (Imhauser 2004). 
 Ligaments are modeled as a Force Between Two Bodies. As with modeling of 
muscles, the bone hosting the origin is assigned as the Action Body and the bone hosting 
the insertion as the Reaction Body. Each of the three ligaments in the elbow (as found in 
alligator dissections) are modeled as five forces in ADAMS to encompass the total area 
of the ligament attachments (e.g., Figure 3.2C). The force of each ligament is calculated 
as a function of how much it is stretched from its original length and a spring constant. 
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Additionally, a pretention term is needed for all ligaments to account for the force they 
apply to hold the joint in congruence under gravity. This term is calculated by trial and 
error to find the least force needed to keep the cartilage pads in contact with each other 
against gravity. As with the muscles, a STEP function is used to prevent an initial sharp 
increase of force that would cause a simulation error.  
 Grood and Suntay parameters are created in ADAMS by placing two Markers, 
one associated with the humerus and the other associated with the ulna at the approximate 
center of rotation for the elbow and orienting their axes to correspond to directions of 
biologically significant motion, thereby allowing the amount of flexion and/or pronation 
to be recorded (Grood and Suntay 1983; Imhauser 2004). Placement of this center of 
rotation in the models presented here is more distal than the actual center of rotation, but 
physical placement of this point is not important for Grood and Suntay parameters; rather 
axis alignments are the essential. For the elbow joint, both Markers are aligned so the "Y" 
axis passes through the center of the humeral shaft and the "Z" axis connects the centers 
of the distal condyles of the humerus (e.g., Figure 3.2D). Then, using a position matrix, 
Measures are built to track movement of the ulnar marker in relation to the marker fixed 
to the humerus during the simulation. Because the coordinate system was assigned with 
the anatomy of the joint in mind, amounts of flexion/extension, pronation/supination, and 
long axis rotation are measured. 
 The fully constructed ADAMS model is then simulated without muscle forces and 
only gravity, contact forces, and ligament forces as active to identify an equilibrium 
starting position. The final position of this simulation is saved as the starting position for 
all further simulations. This step allows any pretention slack (length in the ligaments 
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longer than what maintains contact) to be removed from the model. Next, muscles can be 
activated to bend the limb. After each simulation, values can be altered and a different set 
of parameters can be modeled as desired. Each simulation records the Grood and Suntay 
parameters as well as muscle, ligament, and contact forces. These can be analyzed to 
determine the smoothness of motion, direction(s) of motion, forces applied to the joint 
during flexion, and contact forces induced. Also, the Rigid Body Links (bone and 
cartilage components) can be exported from any simulation for individual frames (time 
points) as IGES files that retain their positional metadata. These files are used in 
Geomagic® to create a Proximity Map for individual time points, a color-coded scale of 
distance between two objects. Thus, the area of contact for each time point can be 
compared among simulations (e.g., Figure 3.3). Grood and Suntay parameters and 
Proximity Maps aid in assessing the likelihood that the reconstructed cartilage, muscle 
functions, or other modeled conditions are reasonable to expect in the extinct taxon. This 
method is an iterative process; after all initial simulations, the aforementioned outputs are 
evaluated, adjustments are made, and the model is re-evaluated.  
 
3.3.5 Description of validation procedure  
 An essential part of any model is validation (Richmond et al. 2005); in other 
words, does the digital model behave in a similar manner to the actual, physical thing 
being modeled. Validation supports the idea that any patterns observed in the digital 
model are representative of the physical organism. For biomechanical modeling of extant 
taxa, validation requires capturing the modeled trait in the organism and comparing that 
to the same trait in the digital model (Rayfield 2007). This poses a problem for modeling 
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any extinct organism as the original organismal data cannot be captured (e.g., Rayfield 
2007). Herein, I propose to digitally model the elbow of EPB taxa using the same method 
as the elbow of Dreadnoughtus, and compare the model-calculated motion and forces to a 
cadaveric elbow of each taxon by applying a force to the biceps tendon. Although this 
process cannot provide validation of the digital model replicating such features in the 
physical limb of Dreadnoughtus (which cannot be done for any extinct taxon), it may 
provide validation that the digital modeling procedure reasonably recreates motion and 
forces observed in EPB taxa of dinosaurs. Only the M. biceps tendon can be used to flex 
the forelimb of both extant archosaurs as the M. humeroradialis is only present in 
crocodilians (Meers 2003; Jasinoski et al. 2006) and the M. brachialis of birds is very 
short with a fleshy, distal origin on the humerus not conducive to this type of external 
force application. To mimic the physical testing, digital model simulations for validation 
testing will only flex the forearm with the biceps muscle. 
 A wing of a domestic turkey (Meleagris gallopavo; local grocery store) and 
forelimb of an American Alligator (Alligator mississippiensis; Rockefeller Wildlife 
Refuge) are used as dinosaurian EPB representatives. After skinning of each specimen, 
the manus is removed and the M. biceps brachii tendon loosened from surrounding fascia 
so it can be pulled to flex the forelimb. These modifications allow the physical model and 
the digital model to closely resemble each other while both keeping the physical model 
accurate and slightly simplifying the digital model. Sensors are attached to the all three 
bones to allow tracking of their movements and relative positions during flexing. The 
humerus is then fixed with screws into a holding apparatus with the forearm hanging 
under gravity (again, similar to the digital model; Figure 3.4A). Next, surgical thread is 
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stitched into the biceps tendon and attached to the arm of a Mesur Gauge Mark -10 
(Figure 3.4). This machine raises its arm, thus pulling the surgical thread to pull the 
biceps tendon as if it were contracting. As it raises its arm, it records the pulling force 
required (= the force required to flex the forelimb) and this value can be compared to the 
force of the M. biceps required to flex the digital model to 90°. The motion of the 
forelimb is simultaneously captured. The same Grood and Suntay parameters are used as 
in the digital model, so that these physical kinematic data will be comparable between the 
physical limb and the digital model. 
 After this flexion testing, each physical limb is defleshed and the morphology of 
each bone (with cartilage pads still intact) is captured with a 3D scanner (in this study, a 
NextEngine Desktop 3D Laser Scanner). The resultant STL files are used in the same 
procedure described above for Dreadnoughtus to create ADAMS models for the turkey 
and alligator elbows. Finally, kinematic and force data from Mesur Gauge Mark - 10 and 
the ADAMS model of the same limb are compared to validate the digital model. As noted 
above, since it cannot be directly tested, an assumption must be made that if the extant 
models pass validation then the dinosaur model would as well. Therefore, caution must 
be taken when drawing conclusions about the dinosaur model, as it has not been directly 
validated against the living organism (Richmond et al. 2005; Rayfield 2007). However, 
the process summarized here remains meritorious as it provides a rigorous means of 
validation of the digital modeling procedure. 
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3.4 Discussion 
 
3.4.1 Improvements over previous modeling techniques for extinct organisms 
 By using Grood and Suntay parameters, this method can test both the function of 
a muscle and ROM of a joint. Concerning the former, if one muscle is activated at a time, 
this method can determine the percent of its function in each anatomical direction using 
the Grood and Suntay parameters. Estimating the function of a muscle from moment 
arms is not necessary with this method. ADAMS can directly compare the amount of 
flexion or abduction performed by different muscles in one taxon or by the same muscle 
in different taxa. Concerning joint ROM, modeling with contact forces permits a force to 
move the joint until another force (either contact, ligaments, or gravity) resists it. This 
removes user error (however small it may be) in identifying when the ROM is restricted 
by bony contact. The affect of articular cartilage on ROM can also be tested with this 
method.  
 This ADAMS method can also explore the interaction of muscles to move a joint 
(i.e., different activation patterns) and test hypotheses related to efficiency or locomotion. 
Additionally, because articular cartilage contact area depends on its surface morphology, 
different cartilage thicknesses and/or morphologies can be modeled to understand their 
effect(s) on joint kinematics. An adaptation of the use of gravity and ligament forces to 
remove any slack in the ligaments described herein could also be used to find a neutral 
stance, alike the constraint-based exclusion of Gatesy et al. (2009).  
 Pairing ADAMS with FEA increases modeling accuracy (MSC Software 
Corporation 2013) as the force vectors from ADAMS provide values based on kinematics 
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of the same objects as in the FEA. For example, the method described herein could be 
used to identify the force vector(s) required to move a joint and the resulting contact 
forces. These ADAMS outputs can be input to FEA models, allowing the stress 
distribution at the joint to be analyzed. Modifications to the morphologies, force 
magnitudes, or force directions can also be made for comparisons and hypothesis testing. 
 Depending on the hypothesis being tested, the ADAMS method presented here 
may provide significant benefits over previously used multi-body dynamic methods. This 
method removes the necessity of modeling muscle cross-sectional area, muscle mass, and 
muscle fiber length (e.g., Sellers and Manning 2007; Sellers et al. 2013; Snively et al. 
2013). The muscle force being modeled is only what is required to move the joint a 
specific angular distance. No conclusion is made as to whether this was within the 
biological capability of the organism because the degree of uncertainty and number of 
assumptions associated with that type of calculation reduces the accuracy of any such 
conclusion. Moreover, this information is not always required for testing kinematic 
hypotheses. For example, by using the Grood and Suntay parameters, multiple force 
values can be tested to determine how/if they affect the limb motion path (and not simply 
degree of flexion). Also, as discussed above (see 3.3.1), simplifying joint motion in 
models may remove important characteristics of its true motion. The ADAMS method 
presented here allows the effects of simplifying joint motion to be understood before 
making such an assumption, so that conclusions drawn from subsequent data can take 
into account these effects. As an example, ADAMS can model the same joint with 
contact forces and with constraints on degrees of freedom to simplify the joint (i.e., as a 
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hinge) to compare any differences in limb motion. Depending on the hypothesis in 
question, the adequacy of simplifying joint motion can be judged. 
 
3.4.2 Insights from model construction 
 Several of the above uses of ADAMS have been tested through development of 
this model. All require further study before any specific conclusions can be discerned 
(about taxa, motion, forces, etc.). However, these investigations suggest several 
parameters explored herein may provide fruitful benefits with additional modeling of 
extinct organisms. For example, a hinge joint was placed at the center of rotation for the 
elbow of Dreadnoughtus which rotated around the "Z" axis of the Grood and Suntay 
parameter Marker. This orientation of the hinge joint only allows elbow flexion and 
extension. The kinematics of the elbow can be directly compared when contact and 
ligament forces constrain the joint motion and when the hinge constrains its motion. An 
equally important comparison can be made between using muscle force to bend the joint 
versus using a moment (a rotational force; Figure 3.5A–B). Analyses, such as these, aid 
in understanding assumptions, simplifications, and limits of models. Additionally, the 
pretension value of ligaments can be adjusted to determine how sensitive the model is to 
estimated biological inputs that cannot be measured from Dreadnoughtus (Figure 3.5C–
D). 
 Another intriguing discovery made during model building was that if cartilage is 
modeled as 2% of the length of the bone and not significantly different in shape from that 
of the bone, as suggested by Bonnan et al. (2010), there is minimal contact between the 
radial cartilage and the humeral cartilage in Dreadnoughtus (Figure 3.6A). A spherical 
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cartilage projection occurs at this location on the humerus of extant archosaurs (Figure 
3.6C–D); it is more pronounced in avian dinosaurs (Figure 3.6D). This region of the 
humerus of Dreadnoughtus exhibits a slight rise, though its surface is taphonomically 
disrupted (Figure 3.6B). Therefore, there may have been a spherical projection of 
cartilage at this location in Dreadnoughtus that helped articulate the radius and humerus 
during flexion of the elbow. This hypothesis agrees with the findings of Holliday et al. 
(2010) that some features of joint congruence and articulation are cartilaginous and 
normally lost during fossilization. Importantly, Holliday et al. (2010) found a significant 
difference between the anteroposterior length of the distal humeral condyles when 
articular cartilage was present versus bone-only length in three of the five archosaurian 
taxa they investigated. Though this is not direct support for the presence of a spherical 
cartilaginous feature in the elbow of dinosaurs, it may represent indirect support for its 
presence.  
 In 2010, Holliday et al. stated that the consequences of not modeling articular 
cartilage in dinosaurs were yet to be investigated. The ADAMS method described herein 
can directly test this in a rigorous quantitative framework. It also allows the possibility of 
a spherical cartilaginous projection on the anterior face of the distal humerus to be 
investigated. To do so, a sphere was modeled within the concave end of the proximal 
radius (Figure 3.6E). This sphere was then fit over three locations on the anteroposterior 
widening of the radial condyle of the distal humerus, such that the radius would articulate 
with it. The mediolateral and anteroposterior positioning varied in each location (Figure 
3.3). Each trial was modeled in ADAMS and the differences in flexion motion were 
analyzed. Additionally, the geometry of each trial was exported every 10 frames from the 
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ADAMS simulation and used to make Proximity Maps in Geomagic® to compare the 
contact surface area between the radial and humeral cartilage (Figure 3.3). At this time, 
differences in contact area and motion between the locations can be compared, but further 
investigation is necessary to determine if one location may be more reasonable than 
others for Dreadnoughtus. Further investigation with FEA might prove useful in 
distinguishing between more probable locations, as the resultant stress distribution may 
inform on another important aspect of articular cartilage function, weight support. 
 
3.5 Conclusion  
 The ADAMS method I developed was used to build a model that performs in a 
biologically realistic manner and tests several different types of hypotheses, related to 
cartilage shape and thickness, muscle functions, and muscle force estimations for future 
application in FEA. ADAMS modeling is an iterative process, and provides easy 
alteration of modeling conditions, facilitating rapid re-running of simulations. The 
quantitative and qualitative outputs from ADAMS allow comparisons to be drawn with 
many other techniques commonly used in biomechanical studies (including video 
analysis, force plates, and ROM studies), permitting independent hypothesis testing. 
Although, here, I only model one joint of one organism, future applications of my method 
can be used to explore numerous biomechanical questions related to extinct organisms 
(i.e., reconstructing articular cartilage shape and thickness, predicting muscle functions, 
and locomotion studies) and it is a powerful means to analyze systems more complex 
than those tested herein. 
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 The method described herein is a tool for biomechanical modeling of extinct 
organisms. It is not intended to completely test all kinematic hypotheses on its own, and, 
in some circumstances, may not be the best choice. Selection of modeling technique(s) 
must consider the hypothesis being tested and not just the novelty or sophistication of the 
technique. This method allows for the testing of frequently made assumptions in other 
commonly used modeling methods (e.g., Seller and Manning 2007; Sellers et al. 2013; 
Snively et al. 2013). Evaluation of assumptions made during modeling is important in 
limiting the conclusions that can be derived from the results. For example, many 
modeling studies have simplified joint motions. With the method proposed herein, we can 
test assumptions of simplifying joint motion and evaluate their adequacy on a study-by-
study basis. Another limitation of this method is, in its current state, it does not allow for 
manipulation of muscle lines of action to mimic a ligament or rentinaculum altering its 
course from a straight line (it cannot be "wrapped" around bone surfaces; Hutchinson et 
al. 2005).  
 The outputs of ADAMS models (i.e., resultant force vectors and object positions) 
are compatible with other software and can be used for further investigation of 
hypotheses (e.g., input force vector data into finite element studies to increase accuracy; 
MSC Software Corporation 2013). In addition, validation of the model construction 
method by comparison with physical tests using extant taxa adds additional support to the 
results of ADAMS simulations.  
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Figure 3.1 Construction of articular cartilage pads for ADAMSTM model of the left 
elbow of Dreadnoughtus schrani. (A) A 2% proximal displacement of the humerus to 
form the humeral articular cartilage for the model after the bone has been subtracted; (B) 
The 2% displacement of the humerus filled with the mirror image of the distal end of the 
humerus, forming an exact match; (C) Articulated articular cartilage pads for the 
humerus, radius, and ulna in dorsal view (anterior toward lower left of image); (D) 
Articular cartilage pads (tan) articulated to the limb bones for the ADAMSTM model. 
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Figure 3.2 Elements of ADAMSTM models of the elbow of Dreadnoughtus schrani (A–
C) and a modern Alligator (D). (A) Blue locks represent the Lock Joints that fix the 
articular cartilage pads to the bones in the model; (B) A frame capture of simulation of 
the Dreadnoughtus model. Red arrows represent muscle forces and yellow arrow 
represents a contact force; (C) White lines between the red and green axes markers 
represent the five ligament forces per ligament in the Dreadnoughtus model; (D) Yellow 
arrows over layed on the blue arrows represent the Grood and Suntay axes in the 
Alligator model.  
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Figure 3.3 Placement of the humeral articular cartilage sphere in three different positions 
on the distal humerus of Dreadnoughtus schrani. Proximity Maps show the area of 
contact on the sphere of cartilage for different angles of flexion during simulation in 
ADAMSTM. Blue shading indicates closer articulation between the articular cartilage 
pads of the radius and the humerus, whereas red denotes greatest measured separation. 
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Figure 3.4 Left turkey (Meleagris gallopavo) forelimb mounted in a Mesur Gauge Mark 
-10 for validation testing. Yellow arrows denote the sensors, blue arrows denote surgical 
thread attached to the M. biceps brachii tendon, pink arrow denote the humerus, red 
arrow denotes the arm of the Mesur Gauge Mark -10. (A) Top down (dorsal) view of the 
humerus suspended in the fixture; (B) Front view of the Mesur Gauge Mark, with the 
forelimb suspended in the fixture in medial view.  
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Figure 3.5 Comparisons between ADAMSTM simulations of the Dreadnoughtus schrani 
forelimb model with different parameters. (A) Simulation in which the elbow is flexed by 
muscle forces; (B) Simulation in which the elbow is flexed with a moment force; (C) 
Grood and Suntay parameters recording bending in the different planes from a simulation 
with a ligament damping force of 1; (D) Graph as in (C) recorded when a ligament 
damping force of 10 is used in the model. 
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Figure 3.6 (A) Demonstration of lack of contact between the articular cartilage pads of 
the radius and humerus of Dreadnoughtus schrani when modeled at 2% proximodistal 
thickness. White polygon encircles the region without contact; (B) White polygon 
encircling thickened region of the distal humerus, in anterior view; (C) 3D laser scan of 
an Alligator mississippiensis right elbow (courtesy of Dr. Matthew Bonnan, Stockton 
University), with bones in blue and cartilage in gray. Red arrow points to the spherical 
anterior projection of cartilage; (D) 3D laser scan of a chicken (Gallus gallus) left elbow 
(courtesy of Dr. Matthew Bonnan), with bones in blue and cartilage in gray. Red arrow 
points to the spherical anterior projection of cartilage. (E) The sphere used to create the 
spherical anterior projection of cartilage and the proximal radius showing its concavity, 
with the bone in grey and cartilage in tan.  
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CHAPTER 4: INVESTIGATION OF THE FEMUR OF A MARINE 
CROCODILE, THORACOSAURUS NEOCESARIENSIS, FROM THE END 
CRETACEOUS OF SOUTHERN NEW JERSEY FOR ENDOGENOUS 
COLLAGEN I 
 
4.1 Abstract 
 
 Endogenous biomolecules and soft tissue products are known to persist in the 
fossil record, but these discoveries all derive from just a few preservational environments 
(e.g., fluvial sandstone, phosphatic chalk). Fossils from a rare depositional environment 
(marine glauconite or "marl" sand) recorded at Rowan University Fossil Park in Mantua 
Township, NJ have never been investigated for preservation of biomolecules. Similar to 
terrestrial environments documented to preserve biomolecules, this environment is rich in 
iron, suggested to aid preservation. Water was once thought to inhibit biomolecular 
preservation over geologic timescales, resulting in minimal investigations of marine 
fossils. Molecular investigations were undertaken of a femur from the marine crocodile, 
Thoracosaurus neocesariensis, from Cretaceous greensands at Rowan University Fossil 
Park. This specimen is only the second marine fossil to be analyzed for the presence of 
endogenous biomolecules, and it is the first such sample with associated sedimentary 
controls. This bone was chemically extracted (see methods), and the resultant solution 
was electrophoretically separated on apolyacrylamide gel. Staining using a silver solution 
supported the presence of organics only in fossil lanes (controls negative). 
Immunohistochemistry conducted on sections of demineralized bone and enzyme-linked 
immunosorbant assay on bone extracts show specific binding to anti-avian or anti-
alligator, respectively, collagen antibodies, further supporting the preservation of 
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endogenous collagen I in this specimen. Soft tissue products morphologically consistent 
with osteocytes and fibrous matrix were also recovered after demineralization of cortical 
bone with 0.5M ethylenediaminetetraacetic acid and 0.5M and 0.2M hydrochloric acid. 
These results agree with previous findings indicating constant submersion in water does 
not exclude soft tissue and molecular preservation. By documenting molecular 
preservation in a marine environment, this research increases the potential range of 
depositional environments and taxa available to future molecular paleontological studies. 
As the scope of possible targets expands, research into areas of molecular evolution and 
biochemical characterization of extinct taxa have the opportunity to provide greater 
insight into the ancient history of life. 
 
4.2 Introduction 
 
 Numerous molecular paleontological investigations have been conducted on 
geologically ancient fossils, which demonstrate the preservation of endogenous 
biomolecules and soft tissues. These studies have yielded recovery of structures 
morphologically similar to their extant counterparts (e.g., Schweitzer et al. 2005, 2007b, 
2009, 2013; Lindgren et al. 2011; Armitage and Anderson 2013), presence of proteins via 
antibody binding (e.g., Schweitzer et al. 2007a, 2009, 2013; Lindgren et al. 2011), and 
even protein sequences from mass spectrometry (e.g., Asara et al. 2007; Schweitzer et al. 
2009, 2013). For example, terrestrial sediments have preserved bones of Tyrannosaurus 
rex and Brachylophosaurus canadensis retaining pliable soft tissues, including structures 
morphologically consistent with blood vessels, osteocytes (bone cells), and fibrous matrix 
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(Schweitzer et al. 2005, 2009, 2013), as well as peptide sequences of the proteins actin, 
tubulin, myosin, tropomyosin, histone H4, and collagen I (Asara et al. 2007; Schweitzer 
et al. 2009, 2013; Cleland et al. 2015). The preservation of each of these proteins is also 
supported by antibody binding specifically detecting each protein (Schweitzer et al. 
2007a, 2007b, 2009, 2013; Cleland et al. 2015). 
 The number of taxa and preservational environments investigated, and found to 
yield soft tissues and biomolecules, continues to grow, but few studies have examined 
aquatic taxa or marine environments (Lindgren et al. 2011; Cadena and Schweitzer 2012; 
Glass et al. 2012, 2013). Previously, the only fossil bone of a marine vertebrate 
investigated for preservation of soft tissues and biomolecules was a mosasaur humerus 
from a Maastrichtian phosphatic chalk deposit in Belgium (Lindgren et al. 2011). This 
sample was not originally collected for molecular analysis and lacked a sediment sample 
to serve as a negative control. Yet, Lindgren et al. (2011) recovered evidence indicating 
potential preservation of endogenous soft tissues and biomolecules from a marine 
environment. This is in contrast to the traditional hypothesis that marine environments 
could not preserve endogenous proteins because the constant exposure to water would 
increase the likelihood of extensive hydrolysis, preventing long term preservation 
(Eglinton and Logan 1991; Collins et al. 1992). However, it has since been suggested that 
burial in waterlogged conditions (or in completely anhydrous sediments) may have 
provided more favorable conditions for the preservation of endogenous soft tissues and 
biomolecules than burial in sediments experiencing frequent fluctuations between 
saturation and dryness (Nielsen-Marsh and Hedges 2000; Hedges 2002, and references 
therein). 
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 This study examines a femur of the marine crocodile Thoracosaurus 
neocesariensis collected from Rowan Fossil Park (formerly known as the Inversand 
quarry) in 2011 as part of a partially articulated skeleton. The specimen was recovered 
from the "main fossiliferous layer" of the Maastrichtian–Danian Hornerstown Formation 
in New Jersey. The Hornerstown Formation is a nearly pure glauconitic greensand 
deposit that represents a shallow marine depositional environment (Gallagher 1993; 
Obasi et al. 2011). This specimen allowed further investigation of the possibility of soft 
tissue and biomolecular preservation in marine depositional environments. Because this 
sample was preserved in a drastically different depositional setting than the phosphatic 
chalk investigated by Lindgren et al. (2011), it afforded the opportunity to expand the 
range of depositional environments examined for potential biomolecular preservation. 
 
4.3 Methods 
 
 All fossil analyses were performed in a permanently dedicated, fossil-only 
laboratory at North Carolina State University (NCSU). Demineralization was completed 
at both NCSU and in a designated, sterilized, fossil-only fume hood at Drexel University. 
Modern control trials were conducted in a separate lab at NCSU. Negative controls, 
which included sediments co-extracted in the same buffers, and buffer only solutions, 
were evaluated in tandem with the fossil for all assays. As necessary, specificity controls 
were also conducted. Procedures for all controls and samples were the same unless 
otherwise noted below. 
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 The structural protein collagen I was selected as the primary target of 
investigation for this study because of its high preservation potential. Many factors 
contribute to this high preservation potential, including: 1) that it is the most abundant 
protein in bone (Amber and Daniel 1991; Child 1995; Hedges and Millard 1995; 
Sweeney et al. 2008); 2) its primary, secondary, and tertiary structure make it highly 
stable (Eglinton and Logan 1991; San Antonio et al. 2011) and resistant to many 
proteases (Perumal et al. 2008) and; 3) potential preservational benefits from its close 
association with hydroxyapatite (bone mineral; e.g., Amber and Daniel 1991: Eglinton 
and Logan 1991; Child 1995; Collins et al. 2002; Trueman and Martill 2002). 
 
4.3.1 Samples 
 Upon discovery, the right femur (Figure 4.1A) of the Thoracosaurus 
neocesariensis specimen (RU-RF-6) was set aside for molecular study in a sterile jar with 
silica gel desiccant beads. No glue or stabilizing agents were used either during 
excavation or preparation, to avoid any potential contamination or formation of glue casts 
that could resemble vessel- or cell-like structures. One of the primary elements 
composing glauconite, iron, has been suggested to aid in molecular preservation as it 
reacts with peroxides to form free radicals which cause chemical chain reactions resulting 
in crosslinking of biomolecules with themselves, humic acids and other organic 
compounds in the sediment (Beckman and Ames 1998; Dunlop et al. 2002; Schweitzer et 
al. 2007b, 2014a), and possibly also binding with metal cations (Edwards et al. 2011). 
Thus, the Hornerstown Formation was considered as a potentially favorable lithosome for 
preservation of endogenous organics. This particular femur was chosen for investigation 
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because it was part of a generally well-preserved specimen, and a histological 
investigation suggested its microstructure was also generally well-preserved with only 
limited microbial invasion of the external cortex (Boles 2016; Figure 4.1B). X-ray 
diffraction (XRD) was also completed to determine the extent of gross mineralogical 
changes to the bone. XRD results suggest minor alterations from its presumed original 
hydroxyapatite composition because the fossil is comprised of fluorapatite (Boles 2016). 
Being a large limb bone, it also possesses thicker (and more) cortical tissue for analyses. 
These factors suggested this fossil would be a good candidate for a molecular 
paleontological study, as previous recoveries often support a correlation between 
preservation of morphology and endogenous organics (e.g., Eglinton and Logan, 1991; 
Hedges, 2002; Schweitzer, 2004). A sediment sample was also collected from adjacent to 
but not in contact with the fossil for use as a negative control. If signal was detected only 
in the fossil sample and not the sediment sample, then the likelihood the fossil signal is 
not exogenous increases. 
 The limb bones of a juvenile American alligator (Alligator mississippiensis) 
served as a modern positive control. These bones were defleshed and then degreased in a 
10% Shout® (laundry stain remover) solution for 2–3 days on a rocker with 1–2 changes 
per day to help remove oils and fats. Any remaining soft tissues were removed with a 
scalpel. The bones were then either studied immediately or stored at -20°C. Both modern 
and fossil analyses were conducted with solely cortical tissue.  
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4.3.2 Demineralization 
 Small fragments of fossil cortical bone were submerged in 0.5M disodium 
ethylenediaminetetraacetic acid (EDTA) pH 8. This solution was changed daily for a 
period of approximately two weeks, then weekly for several months. Demineralization of 
fossils from this locality occurs at a slower rate than previously encountered with other 
similarly-aged specimens (per. obs., and Boles 2016). Demineralization products were 
transferred to a glass slide with a sterile pipette, cover-slipped, and visualized with a 
Zeiss Stemi 2000-C reflected light microscope. 
 Small cortical bone fragments were also submerged in 0.5M or 0.2M hydrochloric 
acid (HCl) for several days to two weeks, with solution changes made every 1–2 days. 
These demineralization products were imaged as above; a portion of these products were 
also embedded in L.R. White resin (Electron Microscopy Services) for 
immunohistochemistry. Modern Alligator and Hornerstown sediment samples were also 
demineralized following the same procedures. 
 
4.3.3 Protein extraction 
 One gram each of bone and sediment were ground into fine powder with separate 
mortars and pestles. Each was then combined with 40 volumes of 0.6M HCl and 
incubated overnight on a shaker in separate 50 mL polypropylene centrifuge tubes 
(Fisherbrand). When possible, samples were incubated at 4°C instead of room 
temperature. Tubes were then centrifuged at 10,000 rcf for 10 min and the supernatant 
was collected in new 50 mL centrifuge tubes. Then the sample pellet was washed twice 
with 10 mL Epure water, centrifuged at 10,000 rcf for 10 min, and the supernatant added 
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to the previous. This extract, referred to as the 'HCl fraction', was then stored at 4°C. 
After the second wash, 40 volumes of 0.05M ammonium bicarbonate (AMBIC) was 
added to the pellet, vortexed, and incubated overnight at 65°C on a shaker. Samples were 
then centrifuged at 10,000 rcf for 10 min, and the supernatant collected. This extract will 
be referred to as the 'AMBIC fraction'. A negative control, consisting of only the 
extraction solutions was run concurrently in an additional 50 ml tube.  
 HCl fractions were then centrifuged for 10 min at 10,000 rcf and transferred to 
new tubes before being precipitated with 1/4 volumes of trichloroacetic acid (TCA); these 
were then vortexed and incubated at 4°C overnight for protein precipitation. Next, 
samples were centrifuged 20 min at 10,000 rcf, washed with 5 mL acetone, decanted 
(supernatant to waste) to leave the pellet in the tube, and this process repeated. After the 
second acetone wash, HCl fraction pellets were dried in a laminar flow hood at room 
temperature.  
 AMBIC fractions were dried in a speed vacuum. Samples were stored at either 
4°C, -20°C, or -80°C depending on the length of time until analysis. Concentrations are 
reported in amounts of pre-extracted bone, because post-extraction yields contained salts 
from extraction buffers in addition to varying amounts of protein, the final weights were 
not an accurate measure of protein content (Cleland et al. 2012). For example, each 
extraction tube represents 1 g of pre-extracted bone or sediment, so if an assay requires 
100 mg this would be 1/10th the yield of the tube. The yield from the blank extraction 
tube was also used proportionally in this manner. 
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4.3.4 Polyacrylamide gel electrophoresis (PAGE) with silver-staining  
 AMBIC fraction samples were solubilized in 1X Phosphate Buffered Saline 
(PBS) and combined with an equal volume of 2x Laemmli buffer + 10 mM dithiothreitol 
(DTT). These samples were then denatured at 95°C for 5 min and centrifuged for 6 min 
at 20,000 rcf. Fifteen percent polyacrylamide running gels and 5% stacking gels were 
made according to standard procedures. Extraction samples were loaded as 50 mg of pre-
extracted bone in 40 µL total volume per lane. The pellet remaining of the fossil sample 
was resuspended with 1X PBS and 2x Laemmli/0.01M DTT solution and loaded into an 
additional lane. PAGE was run for approximately 1 hr at 50 mA. Gels were then 
incubated in a 50% methanol fixing solution for 20 min at room temperature or overnight 
at 4°C. Gels were then washed for 10 min with 50% methanol and 10 min with Epure 
water. After the water wash, gels were imaged between two 3MTM transparency sheets on 
a Cannon MX300 scanner to visualize any coloration of the gel due to extract sample 
solution colors. The gel was then transferred back to a tray, sensitized with 0.02% sodium 
thiosulfate, and incubated for 30 min with 0.1% silver nitrate at room temperature. After 
two 1 min washes with Epure water, the gel was developed in multiple changes of 0.04% 
formalin in 2% sodium carbonate until organics became visible, approximately 10 min. 
Development was terminated with 5% acetic acid. Following development, gels were 
rinsed with Epure water and imaged as before. Pre-staining and post-staining images 
were compared to detect a positive result. As for all assays, three replicates were 
completed.  
 I also included an extant control, consisting of fresh Alligator bone, extracted in 
the same manner as the fossil, and using the same reagents and the same protocol. 
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Modern control extracts were added at 20 µg/lane. Because this modern sample did not 
color the gel prior to treatment with silver nitrate, no pre-development images were 
taken. 
 
4.3.5 Enzyme-linked immunosorbant assay (ELISA) 
 AMBIC sample extracts were resuspended in 1X PBS at a concentration of 200 
mg of pre-extracted bone per well. Sediment and extraction buffer controls were also 
used in the same proportion. Samples were then centrifuged for 6 min at 10,000 rcf to 
remove particulates before plating on a 96-well U-bottom microtiter plate (Thermo 
Scientific) and incubation for 4 hr at room temperature to bind antigens. Following this 
and each subsequent step, the solution was discarded to remove any unbound antigens or 
antibodies before proceeding. Non-specific binding was blocked with ELISA blocking 
buffer (5% bovine serum albumin diluted in 1X PBS with Tween 20 and 2% Thimersol) 
for an additional 4 hr at room temperature. Then, rabbit anti-alligator purified skin 
collagen antibody (Lot#: AB1432-1, Host#: BSYN 6959, made by Bio-Synthesis) was 
diluted to a concentration of 1:400 in 1X PBS, and added to a subset of wells; blocking 
buffer was added to the remaining wells designated as secondary-only wells. The plate 
was incubated overnight at 4°C, then washed with ELISA wash buffer (10% PBS diluted 
in Epure water with Tween 20). Next, the plate was incubated for 2 hr with secondary 
antibodies (alkaline phosphatase-conjugated goat anti-rabbit IgG [H+L]) diluted at 
1:2000 in ELISA blocking buffer. The plate was then washed thoroughly in ELISA wash 
buffer. Finally, substrate (one tablet of 0.5 mM MgCl2 + p-nitrophenylphosphate in 10 
mL of 9.8% diethanolamine) was added and absorbance was read using a Molecular 
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Devices Spectra Max Plus microplate reader (for ancient samples) or a Molecular 
Devices THERMOmax (for extant samples) at the following time intervals: 0, 10, 20, 30, 
40, 50, 60, 90, 120, 150, 180, 210, and 240 min. Data were acquired in Softmax Pro 4.8. 
A modern control was also completed with fresh Alligator extract, the same reagents, and 
the same protocol. Modern control antigens were loaded at 0.05µg/well. 
 
4.3.6 Imunohistochemistry (IHC) 
 Demineralization products were collected under magnification with a pipette into 
a 1.5 mL polypropylene centrifuge tube. This sample was then washed with Epure water 
10 times (allowing products to settle between washes), washed once with 1X PBS, and 
transferred to a 15 mL polypropylene centrifuge tube (Fisherbrand). Samples were then 
dehydrated with 70% ethanol for two 30 min incubations at room temperature, and 
incubated with a 2:1 solution of 70% ethanol/L.R. WhiteTM resin for 1 hr, also at room 
temperature. Samples were then incubated twice for 1 hr at room temperature in 
undiluted L.R. WhiteTM resin. Remaining demineralization products were then transferred 
to a 0.95 mL gelatin pill capsule (size “00”; 8.81 mm diameter) filled with L.R. WhiteTM 
resin. The final capsule was polymerized at 60°C for 2–3 days.  
 Once polymerized, 200 nm sections were cut with dedicated diamond knives 
(separate for modern and ancient samples) on a Leica EM UC6 ultramicrotome. Twelve 
to 15 sections were transferred to each well of six-well, Teflon-printed slides (Electron 
Microscopy Services). Water was allowed to evaporate on a slide warmer for 4–5 hr, then 
slides were dried overnight at 45–65°C to adhere sections to the slide. Portions of 
demineralized modern Alligator bone were also embedded in L.R. WhiteTM resin after 
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mincing the resultant soft, but intact, segment of cortical tissue. Modern cortical bone 
fragments were fixed in 10% formalin for 1 hr at room temperature, then rinsed twice in 
Epure water and twice in 1X PBS before following the above process. Formalin fixation 
was only performed on modern tissue to reduce risk of contamination of fossil samples 
from potential contaminates in the solution and to reduce the potential for signal loss due 
to the bonds formed during fixation (Werner et al. 2000). 
 All slides were then treated as follows (see below for procedural changes 
pertaining to specificity controls); all incubations were conducted in a humidity chamber 
to prevent evaporation of solutions. Each well was first treated three times with 0.5M 
EDTA for 15 min at room temperature for antigen retrieval, then washed twice for 5 min 
with IHC-PBS (made following Zheng and Schweitzer 2012). Next, all wells were treated 
twice at room temperature with 1 mg/mL sodium borohydride to quench autoflourecence 
for 10 min, then washed as before. To inhibit nonspecific binding, all wells were then 
incubated with 4% normal goat serum (NGS) in IHC-PBS for 2 hr at room temperature. 
NGS was then removed and rabbit anti-chicken collagen I antibodies (US Biological, 
C7510-13B) were added at a 1:40 dilution in primary dilution buffer (PDB: 0.1% bovine 
serum albumin/0.1% cold fish skin gelatin/0.5% Triton X-100/0.05% sodium azide/0.01 
M PBS pH 7.3) to selected wells. Secondary-only wells received only PDB. Slides were 
then incubated overnight at 4°C. 
 After primary antibody incubation, slides were washed four times with IHC-PBS 
with 0.5% Tween 20 and then four times with IHC-PBS, each for 10 min. Biotinylated 
goat anti-rabbit IgG H+L antibodies (Vector) were then added at a dilution of 1:500 in 
secondary dilution buffer (SDB: 0.01 M PBS pH 7.2/0.05% Tween 20) to all wells and 
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incubated for 2 hr at room temperature. Following washing as before, all wells were 
incubated with fluorescein avidin D (FITC) diluted 1:1000 in SDB for 1 hr at room 
temperature in the dark, and then washed again. Five to 10 µL of VectaShield H-1000 
mounting media was then added to each well. A cover slip was applied and slides were 
then stored in the dark until imaging. All slides were imaged at 200 ms exposure with a 
Zeiss Axioskop 2 Plus microscope with a connected Zeiss Axiocam MRC5 camera. The 
same camera settings were used for all pictures taken from a particular slide, and any 
brightness or contrast adjustments were made to all images as a unit, using Corel Paint 
Shop Pro Photo X2 to preserve their equivalency.  
 As a specificity control, a subset of wells were incubated with 1 mg/mL 
collagenase A (Roche) in Delbucco’s PBS to degrade any collagen in the sample. By 
digesting the collagen, epitopes would be removed, thus decreasing or eliminating 
binding of specific antibodies. Three variations of this incubation were completed at 1, 3, 
and 6 hr durations. Collagenase A was exchanged hourly for the first 5 hr of the 6 hr 
incubation and the first 2 hr of the 3 hr incubation. For the last hour of each of these 
incubations and for the 1 hr incubation, collagenase A was exchanged every 20 min. All 
incubations were at 37°C in a humidity chamber. Slides were then treated as above, 
starting with EDTA incubations. 
 An additional specificity control was run, in which the US Biological primary 
antibodies against Alligator collagen I were incubated with ~5mg/mL of Alligator 
collagen I before applying to the sectioned bone. This blocks binding sites on the 
antibody that are specific to Collagen I, thus they are no longer available to bind to 
tissues. If antibody interactions are specific, binding should be decreased in these controls 
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relative to the test samples. Antibodies were incubated overnight at 4°C with solubilized 
the collagen I sample before incubation with the tissue sections in the wells. These 
inhibited antibodies were then substituted for fresh primary antibodies for selected wells 
(at the same concentration, 1:40, in PDB). Replicates conducted with inhibited antibodies 
were completed in the "modern" lab from this step onward. For this control, use of 
inhibited antibodies was the sole alteration of the protocol explained above. 
 
4.4 Results 
 
4.4.1 Demineralization  
 Both demineralization with EDTA and HCl yielded structures morphologically 
consistent with osteocytes (here after referred to as osteocytes for simplicity), although 
demineralization with EDTA took significantly longer than did HCl. Bone 
demineralization products from HCl were produced in greater abundance and more 
quickly than those from EDTA. Pliable demineralization products from the EDTA 
sample were produced in unusually small amounts (in comparisons to other fossil bones; 
Schroeter 2013; Ullmann 2015; pers. obs.), and that sample never produced enough 
demineralization products for L. R. White embedding. Sediment samples did not yield 
any similar structures morphologically consistent with vertebrate cells or tissues; rather, 
small, sub-rounded to angular glauconite and quartz grains were present. Several forms of 
osteocytes were recovered from all fossil bone samples, varying in cell body shape and 
complexity of branching of filipodia (Figures 4.2A,D). Osteocytes exhibited stellate and 
flattened-oblate morphologies as defined by Cadena and Schweitzer (2012). Both 
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morphotypes exhibited numerous branching fillopodia alike osteocytes isolated from 
modern bone (Figures 4.2B–C). All recovered fossil osteocytes were red-brown in color 
(from both EDTA and HCl demineralization). Structures morphologically consistent with 
fibrous, proteinaceous matrix were more plentiful when bone was demineralized with 
HCl. Neither method produced structures morphologically similar to blood vessels.  
 
4.4.2 Polyacrylamide gel electrophoresis with silver-staining  
 After electrophoresis, the AMBIC fossil sample lanes colored the gel slightly 
yellow-brown (Figure 4.3A). Incubation in fixing solution (50% methanol) reduced but 
did not eliminate this initial coloration. Although staining of the fossil lanes prior to 
addition of silver nitrate was similar in color and molecular weight to that observed 
following silver-staining, an increase in color intensity was readily apparent across 
molecular weights after staining (Figure 4.3B). Initial coloration was also decreased by 
resuspending the bone pellet sample in 1X PBS and 2x Laemmli/0.01M DTT solution 
after loading the initial fossil sample. Bone pellet lanes resuspended in this manner 
exhibited little to no pre-staining and a clear increase in signal after staining with silver 
nitrate (Figures 4.3A–B). Noticeably dark staining was observable in all fossil lanes at 
high and low molecular weights, though organics were also detected as a smear across 
the entire range of molecular weights. 
 Extraction buffer blank and Laemmli buffer controls exhibited no staining. 
Sediment controls exhibited weak post-staining (after development with silver nitrate) 
only at the highest and lowest molecular weights examined. In a subset of replicates, 
sediment sample lanes exhibited a faint band present near 50 kDa; no banding or increase 
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in staining was discernable in any fossil or other control lane at this molecular weight. 
Modern Alligator bone extraction samples displayed no pre-staining and yielded clear 
banding with minimal smearing after silver-staining (Figure 4.3C). 
 
4.4.3 Enzyme-linked immunosorbant assay  
 In all replicates, a positive signal for collagen I was identified in fossil AMBIC 
samples by absorbance readings well over twice background. At 240 min, the fossil 
sample reached an absorbance of 0.855 (Figure 4.4). Sediment and blank extraction 
negative controls exhibited negligible absorbance (fossil signal was consistently at least 
an order of magnitude higher). The fossil sample exhibited a significantly reduced signal 
relative to the modern control Alligator AMBIC sample, which reached saturation (2.85) 
at ~150 min (Figure 4.5). At that same time point in the best replicate, the Thoracosaurus 
AMBIC sample reached an absorbance of 0.53.  
 
4.4.4 Imunohistochemistry  
 Positive immunological signal was detected in fossil samples with polyclonal 
antibodies raised against chicken collagen I. Modest fluorescence was apparent in 
primary-antibody incubated tissue sections, well above the negligible background 
fluorescence of secondary-only controls (Figures 4.6A–C). Positive-signal fluorescence 
was isolated to tissue pieces and displayed a spotty pattern. No fluorescence was 
observed in void areas or areas comprised of only L.R. WhiteTM. Specificity controls 
show a decrease to essentially no signal when antibodies were inhibited prior to 
incubation (Figure 4.6D) or when tissue was predigested with Collagenase A for 3 hrs 
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(Figure 4.6E). As also found by Schroeter (2013), digestion with Collagenase A for 1 hr 
increased signal. 
 Unexpectedly, modern Alligator samples exhibited relatively less fluorescence 
than previous Alligator samples demineralized with EDTA and treated with the same 
primary antibodies (Figures 4.6F–H; cf. Schroeter 2013 fig. 4.4D). The expected binding 
pattern, showing visible bone tissue structures (e.g., Haversian systems), also appeared 
more patchy than observed in previous samples (cf. Schroeter 2013 fig. 4.4D). This 
patchy binding obliterated most Haversian systems and other recognizable structural 
features, leaving an irregular fluorescence (Figures 4.6G–H), somewhat similar to that 
observed in the fossil sample. However, modern Alligator samples exhibited stronger 
fluorescence than fossil samples. Specificity controls, performed as for the fossil sample 
above, also dramatically diminished signal in modern samples (including after only 1 hr 
for digestion; Figures 4.6F,I–J). 
 
4.5 Discussion 
 The results of this investigation for collagen I preserved in the femur of a marine 
crocodile, Thoracosaurus neocesariensis, and those of Lindgren et al. (2011) support 
preservation of endogenous collagen in fossils of marine vertebrates. At Rowan Fossil 
Park, the Hornerstown Formation is currently below the natural water table, and regional 
sequence stratigraphy (Olsson et al. 2002) suggests the Hornerstown at this locality at 
least spent tens of millions of years saturated with water. 
 Each of the assays completed herein support endogeneity of the recovered 
organics, but on their own, each is not enough to conclude endogeneity (according to 
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endogeneity criteria outlined by Schweitzer 2011). However, taken together, these 
findings clearly support the conclusion that the soft tissues and collagen I recovered are 
endogenous to this Thoracosaurus femur. Additional support derives from sediment 
samples presenting little to no organics and displaying no reactivity with antibodies 
against Alligator collagen I. Similarly, laboratory reagent controls did not identify any 
contaminates. Finally, specificity controls suggest that the polyclonal anti-collagen 
antibodies bind specifically to crocodilian collagen I. In total, these results support the 
hypothesis that the recovered soft tissues and collagen are endogenous to the crocodile 
fossil. 
 
4.5.1 Demineralization  
 It remains unknown why demineralization with EDTA occurred more slowly than 
with other fossil bones. Bulk x-ray diffraction analysis identified the femur as mostly 
comprising of fluorapitite, thus not clarifying a mineralogical cause for slowed 
demineralization (Boles 2016). It is possible that trace elemental composition is affecting 
the process, but further analyses (e.g., rare earth element analyses) would be required to 
evaluate this. Also, if iron were found to be an important component of the mineralized 
portion of the fossil, then EDTA would have little effect on its removal (as EDTA only 
removes divalent cations and iron in iron oxides is trivalent; Cleland et al. 2012). HCl 
provides harsher, more acidic conditions for demineralization; therefore, demineralization 
trials employing this solution required significantly less time and produced greater yield 
of soft tissues, but may result in peptide degradation when analyzed for sequence by mass 
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spectrometry. Structures deriving from demineralization with HCl did not appear to differ 
(at least visually under transmitted light) from those recovered using EDTA. 
 Lack of recovery of soft tissues consistent with blood vessels may be due to low 
abundance of blood vessels in the original bone. Modern crocodilian bone is not as 
vascular as non-avian dinosaur bone (Padian and Horner 2004) or bird bone; as a result, 
fossil crocodile bone would not be expected to yield as many structures morphologically 
consistent with vessels as would dinosaur bone. Low recovery of fibrous matrix may 
relate to the depositional environment or demineralization with HCl. More testing would 
be required to elucidate the cause of this observation. Importantly, recovery of soft tissue 
from a shallow marine glauconitic deposit increases the range of depositional 
environments identified to yield this extent of preservation.  
 
4.5.2 Polyacrylamide gel electrophoresis with silver-staining  
 Though a silver-stain assay is not a specific test for collagen I or proteins, it can 
identify the size of organic compounds in a sample. Both AMBIC fossil sample lanes 
showed an increase in coloration after silver-staining, whereas all negative control lanes 
(sediment, extraction blank, and Laemmli buffer; Figures 4.3A–B) exhibited little to no 
coloration. This pattern of silver nitrate binding to organics demonstrates there are more 
organics in the fossil samples than the environmental or negative controls and that they 
are of different molecular weights than any present in the surrounding sediment. The 
bone pellet lane allowed the positive signal to be more clearly identified, as this lane 
exhibited minimal to no coloration before addition of silver nitrate. Thus, loading of 
residual, resuspended bone pellet material may be a useful addition when performing 
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electrophoresis of fossil samples either for silver-staining or immunoblot techniques, and 
may be necessary to visualize organic signal in samples that stain the gel prior to 
development. The "smeared" pattern observed for this fossil has been recovered in 
chemical extracts from other fossil bones and is suggestive of protein degradation 
(Schweitzer et al. 2002, 2007a, 2009; Cleland et al. 2012; Schroeter 2013). This result is 
common and expected for fossil samples because proteins are predicted to be fragmented 
and damaged by decay processes. Also as predicted, the modern Alligator sample 
exhibited less smearing and better banding (Figure 4.3C). 
 It is not unexpected for there to be some staining for the sediment sample because 
humics will react with silver nitrate (Knauber 1988). Humic acids, humin, and fulvic acid 
are aggregates of organics that form from degrading animal and plant matter found in 
both sediments and bone (van Klinken and Hedges 1995; Tuross 2002). However, 
binding in the sediment lanes was minimal and, when present, was distinctly banded, 
mostly at both ends of the molecular range instead of spread throughout the entire lane as 
in the fossil bone samples. This difference supports the presence of endogenous organics 
in the fossil bone because it yielded stainable material of different molecular weights 
from those recovered from nearby sediment. Extraction and Laemmli buffer lanes did not 
display staining, indicating that the organics observed in the fossil bone were not 
laboratory contaminates. 
 My silver-staining results do not provide identification of these organics, their 
source, nor determine if both humic and proteinaceous materials are present. However, as 
noted above, smearing throughout the fossil and bone pellet lanes indicate the presence of 
organic compounds only in the fossil sample, suggesting endogenous proteins, such as 
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collagen I, could be present in this sample. Again, this assay alone does not identify if 
collagen I is present in the organics identified: the other, more specific assays completed 
help elucidate these questions. The concentrated organics at high molecular weight in 
fossil samples may be a result of diagenetically cross-linked proteins (Schweitzer 2004).  
 The cause of the intense pre-staining coloration of the gel is unknown. Because 
the bones derive from a depositional environment rich in iron, this red-brown color might 
suggest the presence of an iron compound, but this has not been tested. Additionally, 
treatment with 10mM PIH in 50mM sodium hydroxide did not remove the coloration. 
 
4.5.3 Enzyme-linked immunosorbant assay  
 This assay is approximately an order of magnitude more sensitive than IHC (Avci 
et al., 2004; Schweitzer et al., 2008) and, accordingly, is useful as an independent assay 
for collagen I. The fossil sample yields double the absorbance of the sediment and 
extraction buffer samples (Figures 4.4–4.5, supporting the presence of endogenous 
collagen I (e.g., Tabatabai and Deyoe,1984; Ostlund et al., 2001; Appiah et al., 2012). 
For the collagen signal to represent contamination, it would most likely be from the 
surrounding sediment or laboratory reagents. Negative absorbance values for sediment 
and extraction controls indicate these samples were less reactive than the group blank 
(PBS only), demonstrating the collagen signal in bone wells is not attributable to these 
sources of contamination. For the positive signal to be a result of non-specific secondary 
antibody binding, the samples only exposed to secondary antibodies would be expected 
to have comparable absorbance values to those exposed to primary and secondary 
antibodies. However, in all replicates the absorbance values of samples incubated with 
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only secondary antibody were less than twice the absorbance of the fossil samples 
incubated with both primary and secondary antibodies. Thus, this assay supports the 
specificity of antibody binding and therefore supports the presence of endogenous 
collagen I preserved in the femur of this Thoracosaurus neocesariensis.  
 As predicted, the fossil bone exhibits a lower absorbance value than the modern 
bone at the same time point (Figure 4.5). The fossil sample was more concentrated than 
the modern and exhibited lower signal, but as its value is over twice background, it 
passes the threshold for positive signal (e.g., Tabatabai and Deyoe,1984; Ostlund et al., 
2001; Appiah et al., 2012). The lower absorbance of fossil samples is likely a result of 
several factors. Fossil extracts produce smaller protein yields per gram of bone than 
extracts of extant bone (e.g., Schweitzer et al. 2009; Schroeter 2013). Also, the fossil 
samples have had more time for some of the original protein to decay or epitopes to 
become damaged (although the positive signal indicates that not all the protein has 
decayed nor were all epitopes damaged). Diagenetic processes that may have contributed 
to the preservation of the original fossil protein (e.g., cross-links formed via Maillard 
reactions; Bada et al. 1999; Tuross 2002; Schweitzer 2004) may also have rendered some 
epitopes inaccessible. This is supported by the initial increase in binding following 
incubation with digestive enzymes, which cleave crosslinks (Schweitzer et al. 2008). 
 
4.5.4 Imunohistochemistry   
 Modern Alligator tissue samples exhibited fluorescence when exposed to 
polyclonal antibodies raised against chicken collagen I (Figures 4.6G–H). Fluorescence 
was localized to tissue pieces. Together, with the reduced signal observed in specificity 
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controls (Figures 4.6F,I–J), these results agree with Schroeter (2013) that the epitopes 
between alligator and chicken collagen I are relatively similar three-dimensional in 
structure. Because these antibodies detect collagen I in modern Alligator, they were 
predicted to also bind to fossil crocodilian collagen I. The fluorescence signal exhibited 
by the fossil sample was also localized to the tissue but was lower in intensity compared 
to the modern Alligator (Figures 4.6B–C). The fossil signal was again decreased in all 
specificity controls (Figures 4.6A,D–E), supporting the binding of this antibody to 
epitopes of fossil collagen I. Both modern and fossil tissues exhibited patchy binding 
patterns; possibly a result of tissue degradation from demineralization with HCl, a 
stronger acid than the commonly employed EDTA. 
 As a specificity control, both modern and fossil samples were exposed to 
Collagenase A (Roche) to test for non-specific binding as this enzyme degrades collagen. 
Thus, the decrease in signal exhibited by modern and fossil samples exposed to 
collagenase suggests collagen was present in each and the antibody is binding specifically 
to collagen (Avci et al. 2005). Short incubations (1hr) of fossil samples with collagenase 
increased fluorescence whereas in longer incubations (3 hr and 6 hr) fluorescence 
decreased. This initial increase in signal has been seen with other fossil samples 
(Schroeter 2013) and may be a result of the breakdown of cross-linked proteins formed as 
byproducts of Maillard reactions or Amadori rearrangements (e.g. Bada et al. 1999; 
Tuross 2002; Schweitzer 2004) exposing epitopes that were otherwise blocked 
(Schweitzer et al. 2008). A second specificity control was conducted to test for non-
specific paratopes in the polyclonal anti-collagen I antibody by incubating the primary 
antibodies with Alligator collagen prior to incubation with the tissue. As fluorescence 
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decreased for modern and fossil samples, this again suggests the antibodies are binding 
specifically to collagen I. 
 
4.6 Conclusion 
 This molecular investigation of a marine crocodile, Thoracosaurus, from the 
glauconitic Hornerstown Formation at Rowan Fossil Park, is only the second to explore 
the preservation of soft tissues and biomolecules in a marine depositional environment 
and is the first such study to analyze a sedimentary control. This study also explores 
biomolecular preservation in a specific type of depositional environment not previously 
studied. All assays completed on this fossil crocodile bone support the presence of 
endogenous collagen I. Soft tissues are visible after demineralization with HCL and 
EDTA, though HCL yields were more abundant. PAGE with silver-stain exhibited 
evidence for organics in the fossil and ELISA and IHC immunological results both 
support the retention of collagen I. All sediment and laboratory reagent controls were 
negative, indicating they are not sources for the soft tissues and biomolecules found in 
the fossil samples. Together, these results agree with the conclusions of Nielsen-Marsh 
and Hedges (2000) and Hedges (2002) that relatively constant immersion in water may 
not preclude endogenous molecular preservation. This investigation, and that of Lindgren 
et al. (2011), support the ability of marine vertebrate fossils to preserve endogenous 
biomolecules and soft tissues, warranting further investigation of fossils from marine 
depositional environments to evaluate.  
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Figure 4.1 (A) Right femur of Thoracosaurus neocesariensis specimen RU-RFQ-6 from 
the Main Fossiliferous Layer of the Hornerstown Formation at Rowan Fossil Park studied 
in this molecular investigation; (B) Histological thin-section of the cortical bone from this 
femur, demonstrating minimal alteration of original cortical tissue structure (modified 
from Boles 2016). Scale bar equals 10cm in A and as indicated in B. 
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Figure 4.2 (A) Structures isolated from cortical bone of the fossil crocodile femur by 
demineralization with HCL that are morphologically consistent with osteocytes in 
modern bone; (B) A modern turtle osteocyte, modified from Cadena and Schweitzer 
(2012); (C) A modern ostrich osteocyte (modified from Schweitzer 2011); (D) SEM 
micrograph of a structure morphologically consistent with an osteocyte; (E) EDS 
spectrum from center of osteocyte (square area) in D. Scale bars as indicated in A-C and 
E and 4µm in D. 
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS 
 
 In this dissertation I investigated a variety of topics. In Chapter 1, I examined in 
detail the osteology of the dorsal vertebrae of Dreadnoughtus schrani, which constitute 
the second most complete dorsal vertebral series known among giant titanosaurians. 
Chapter 2 focused on reconstruction of the appendicular myology of Dreadnoughtus. In 
Chapter 3, I modified a biomechanical method to analyze the kinematics of the elbow of 
Dreadnoughtus. Finally, in Chapter 4 I conducted a molecular paleontological 
investigation of a femur from the marine crocodile Thoracosaurus neocesariensis, 
searching for collagen I.  
 Though the dorsal vertebrae of Dreadnoughtus constitute the second most 
complete series known from a giant titanosaurian, the more complete series (that of 
Futalognkonsaurus) to date has only been briefly described (Calvo et al. 2007a, 2007b). 
This makes Chapter 1 the most thorough description of a mostly complete dorsal 
vertebral series of a giant titanosaurian, providing important phylogenetic information 
and better understanding of the anatomy of these enigmatic giants. The seven recovered 
mostly complete vertebrae and a fragment of an eighth likely pertain to both the holotype 
and paratype individuals of Dreadnoughtus. Based on several anatomical features and 
how these varied among the preserved vertebrae, I was able to assign each dorsal vertebra 
to a predicted serial position and document patterns of serial variation in Dreadnoughtus. 
I also made comparisons to other titanosaurians, including, when possible, other giant 
taxa. The comparative value of well preserved skeletons, such as Dreadnoughtus, is 
unfortunately limited by the incompleteness of most other taxa and, in some cases, by 
rarity of detailed descriptions. Therefore, future descriptions of titanosaurian dorsal 
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vertebral series may allow more detailed comparisons and informative phylogenetic 
studies to be conducted. 
 In Chapter 2, I reconstructed 49 muscles out of the 53 muscles investigated. This 
reconstruction is the third to be completed on a titanosaurian (Opisthocoelicaudia and 
Neuquensaurus are those for which reconstructions have been performed; Borsuk-
Bialynicka 1977; Otero and Vizcaíno 2008) and is only the second to include both the 
fore- and hind limbs (only other examined in such detail is Opisthocoelicaudia; Borsuk-
Bialynicka 1977). Dreadnoughtus is less derived and significantly more massive than 
Opisthocoelicaudia and Neuquensaurus, allowing investigation of possible phylogenetic 
and/or body size-related patterns in the appendicular musculature of titanosaurians. The 
holotype skeleton of Dreadnoughtus was well suited for such an investigation because at 
least one of every major limb bone was preserved and most exhibited well preserved 
surface texture. Such excellent preservation allowed the identification of 76 osteological 
correlates on the appendicular remains. Thus, the reconstructions of 30 muscles were able 
to be assigned Level I or II Inferences (i.e., not Level I' or II' Inferences sensu Witmer 
1995, 1997). This detailed study will aid in future myological investigations of 
titanosaurians and in drawing comparisons with other sauropod dinosaurs to potentially 
better understand their enigmatic features (e.g., gigantism, wide-gauge posture). At this 
time, it is difficult to identify phylogenetically relevant or body size related patterns in  
development of many osteological correlates. For example, the osteological correlate of 
the origin of the M. subscapularis has been preserved as raised in numerous 
titanosaurians, but these taxa are scattered phylogenetically among Titanosauria and 
include both large- and small-bodied taxa. Though myological investigations have not 
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been conducted for many titanosaurians, some taxa are reported to preserve several 
osteological correlates suggested to be muscle attachments. These taxa would make good 
candidates for future myological reconstructions and may help elucidate the importance 
of muscles to the evolution of gigantism and wide-gauge posture. 
 Reported in Chapter 3 is a modification of a biomechanical modeling technique 
developed by Dr. Sorin Siegler (Drexel University, Mechanical Engineering and 
Mechanics Department) to study the kinematics of human ankles using the dynamic 
modeling program ADAMSTM (Siegler et al. 2005; Imhauser et al. 2008; Fassbind et al. 
2011). This method can be adapted for investigation of any system in any extinct 
organism to build a model that performs in a biologically realistic manner. For example, 
the method can be used to test hypotheses related to articular cartilage shape and 
thickness, muscle functions, and estimations of muscle forces for application in finite 
element analyses. Additionally, this method includes validation testing, though the model 
cannot be fully validated as the taxa studied are extinct. This method does not require a 
priori restrictions on joint motion, and it can thus test this assumption common to other 
frequently-used biomechanical modeling programs (e.g., Sellers and Manning 2007; 
Sellers et al. 2013; Snively et al. 2013). 
 For development of this method, I used the elbow of Dreadnoughtus as a case 
study. This initial modeling suggested the distal articular cartilage of Dreadnoughtus may 
not have been a uniform 2% thickness as suggested by Bonnan et al. (2010). In particular, 
there may have been a spherical anterior projection of cartilage for articulation with the 
proximal radius. A similar feature is observed in modern Alligator mississippiensis and 
Gallus gallus. With addition of a cartilage sphere in this location in the model, the 
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bending of the elbow of Dreadnoughtus was noticeably stabilized (both qualitatively and 
quantitatively). Three different placements of this sphere were modeled, but this method 
alone is not sufficient to identify a "best" location. Combining the motion and proximity 
analyses described in Chapter 3 with future finite element study may inform on its 
probable location in Dreadnoughtus. 
 In Chapter 4, I investigated a femur of the marine crocodile Thoracosaurus 
neocesariensis for retention of endogenous collagen I. Until recently, preservation of 
biomolecules and soft tissues from marine fossils was thought to be precluded by 
degradation processes such as hydrolysis. Recovery of endogenous collagen I in the fossil 
femur in Chapter 4 is the second recovery of this protein from a marine fossil and the first 
including a sediment control. I competed three assays (polyacrylamide gel 
electrophoresis with silver-staining, immunohistochemistry, and enzyme-linked 
immunosorbant assay) in triplicate. As positive fossil signal was detected and all negative 
controls were negative, for all assays, this study supports the preservation of collagen I in 
this sample and the viability of marine fossils for future molecular paleontological 
investigations. The Rowan Fossil Quarry (the locality from which this fossil was 
recovered) preserves several different species of crocodilians and other marine reptiles. 
Future investigations with various taxa from this locality might yield insights into 
variable preservation of biomolecules and soft tissues among these taxa (while 
controlling for preservational environment) and testing of intraspecific variation (cf. 
Boles, 2016). 
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